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Vibrio  vulnificus  is  an  opportunistic  human  pathogen  that  can  be  extremely 

invasive,  producing  rapidly  fatal  septicemia  in  susceptible  persons.  Expression  of 

capsular  polysaccharide  (CPS)  is  a  primary  virulence  factor,  and  encapsulated  strains  are 

marked  by  opaque  (O)  colony  morphology  that  can  switch  to  translucent  (T)  colony 

phenotype  with  reduced  CPS  expression  and  virulence  in  a  process  referred  to  as  phase 

variation.  We  previously  characterized  a  V.  vulnificus  CPS  operon  with  similarity  to 

group  1  CPS  operons  of  Escherichia  coli.  The  present  study  confirms  V.  vulnificus  group 

1  operon  structure,  and  presents  genetic  comparisons  of  opaque  versus  translucent  phase 

variants.  Different  classes  of  translucent  phase  variants  (Tl.  T2.  and  T3)  were  identified 

by  their  phenotypic  and  genetic  profiles.  Although  decreased  CPS  expression  was 

observed  in  Tl  strains,  the  CPS  operon  appears  intact  with  only  minor  differences  in 

DNA  sequence  between  phase  variants.  On  the  other  hand,  both  T2  and  T3  phase  variants 

were  completely  acapsular  and  do  not  revert  to  opaque  phenotype.  T2  cells  exhibited 
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deletion  of  the  wzh  gene.  and.  complementation  analysis  confirmed  both  the  site- 
specificity  of  this  deletion  and  the  requirement  of  the  gene  product  for  translocation  of 
CPS  to  the  cell  surface.  Larger  deletions  of  multiple  CPS  transport  genes  were  observed 
in  T3.  Species-specific,  tandem  cassettes  of  short  sequence  repeats  (SSRs)  flanked  both 
the  wzb  and  the  entire  CPS  transport  locus,  strongly  implicating  SSR-mediated  deletion 
as  a  mechanism  for  phase  variation  in  V.  vulnificus.  These  data  provide  the  first  genetic 
comparison  of  CPS  phase  variants  in  this  species  and  suggest  a  novel  mechanism  for  the 
phase  variation  of  CPS  expression  and  virulence  in  V.  vulnificus. 


CHAPTER  1 
INTRODUCTION 

Vibrio  vulnificus 

Vibrionaceae,  a  gram-negative  family  of  bacteria,  has  various  important  members, 
including  Vibrio  vulnificus.  Vibrio  parachaemolyticus  and  Vibrio  cholerae.  V.  vulnificus 
is  a  curved,  rod-shaped  bacterium  with  a  single  polar  flagellum.  It  inhabits  and  thrives  in 
shallow  coastal  waters  in  temperate  climates  throughout  most  of  the  world  (Myatt  and 
Davis  1989,  Maxwell  et  al.  1991,  Dalsgaard  et  al.  1996,  Hoi  et  al.  1998,  Shapiro  et  al. 
1 998),  and  its  presence  is  not  associated  with  pollution.  It  resides  in  high  numbers  in 
filter-feeding  shellfish  (up  to  1x10^  bacteria  per  gram  of  oyster),  but  can  also  be  found 
free  living  in  the  seawater  (Wright  et  al.  1996,  Motes  et  al.  1998). 

Specifically,  V.  vulnificus  prefers  tropical  and  subtropical  climates  and  propagates 
at  water  temperatures  exceeding  18°C  (Kaspar  and  Tamplin  1993,  Hlady  and  Klontz 
1 996).  Total  viable  V.  vulnificus  cell  counts  demonstrate  seasonality,  reaching  nearly 
undetectable  levels  when  the  water  temperature  falls  below  10°C  (Oliver  et  al.  1982, 
Kaysner  et  al.  1987).  As  waters  get  warmer  numbers  of  vibrios  can  reach  from  1x10^  to 
1x10^  bacteria  per  gram  of  oyster  (Tamplin  et  al.  1982,  Motes  et  al.  1998).  It  is  thought 
that  the  bacteria  enter  a  viable  but  non  culturable  (VBNC)  state  with  the  fall  in 
temperature  (Oliver  et  al.  1995).  During  that  phase  the  bacteria  exhibit  morphological 
changes.  Bacteria  assume  a  coccoid  shape  instead  of  the  usual  rod  and  the  membrane 
fatty  acid  composition  changes;  increased  mechanical  resistance  is  acquired  and  amino 
acid  transport  slows  down  (Under  and  Oliver  1989,  Weichart  and  Kjelleberg  1996, 
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Weichart  et  al.  1997).  It  has  been  shown  that  the  VBNC  state  accounts  for  cells  that  are 
unable  to  support  cell  division  on  media  that  are  routinely  used  to  sustain  the 
microorganism's  growth  (Oliver  1991,  Stelma  et  al.  1992.  Colwell  et  al.  1985,  Whiteside 
and  Oliver  1997,  Bryan  et  al.  1999).  As  a  result,  traditional  culture  techniques  fail  to 
detect  VBNC  cells,  which  could  have  serious  implications  for  the  seafood  industry,  as 
post-harvest  storage  of  oysters  involves  refrigeration  or  freezing.  Post-harvest  chilling 
can  induce  the  VBNC  state  in  V.  vulnificus,  making  the  cells  undetectable,  and  lead  to 
erroneous  post  harvest  cell  numbers.  An  increase  in  temperature,  irrespective  of  the 
growth  medium,  can  cause  an  increase  in  culturability,  and  V.  vulnificus  resumes  its 
original  state  (Oliver  and  Bockian  1995). 

V.  vulnificus  is  halophilic,  with  salinity  preferences  that  range  from  15-25  parts  per 
thousand  (ppt)  (Motes  et  al.  1998).  Studies  have  shown  that  salinities  greater  than  25ppt 
are  not  favorable  and  can  have  a  negative  effect  on  the  survival  of  the  bacteria  (Kaspar 
and  Tamplin  1993,  Motes  and  De  Paola  1996,  Motes  et  al.  1998).  V.  vulnificus  is  divided 
into  three  categories  in  terms  of  biochemical,  phenotypic,  immunological,  and  host  range 
differences  (Tison  et  al.  1982).  The  strains  that  belong  in  biotype  1  are  indole-  and 
ornithine  decarboxylase-positive  and  exhibit  multiple  immunologically  distinct 
lipopolysaccharide  types  (Amaro  et  al.  1997).  Also  this  biotype  contains  the  V.  vulnificus 
strains  that  have  been  isolated  from  shellfish  and  have  been  involved  with  human  disease 
either  through  handling  or  consuming  raw  shellfish.  The  members  of  biotype  2  are  V. 
vulnificus  strains  with  the  potential  to  cause  disease  in  eels  (Tison  et  al.  1982).  These  are 
indole-  and  ornithine  decarboxylase-negative  strains,  and  all  express  a  single 
lipopolysaccharide  type  (Tison  et  al.  1982).  Biotype  2  strains  were  only  recognized  as 


marine  vertebrate  pathogens,  but  have  now  been  shown  to  be  virulent  in  mice  (Amaro  et 
al.  1994)  and  capable  of  causing  disease  in  humans  (Amaro  and  Biosca  1996).  In 
addition.  Bisharat  et  al.  (1999)  identified  another  biotype  (Biotype  3)  for  a  new  strain  of 
V.  vulnificus,  which  was  isolated  from  raw  fish  handlers  in  Israel  with  wound  infection 
and  bacteremia. 

V.  vulnificus  Disease 

At  least  1 3  species  in  the  Vibrio  genus  are  known  to  cause  diseases  in  man,  and  the 
symptoms  vary  from  severe  diarrhea  to  septicemia.  V.  vulnificus  disease  was  first 
encountered  by  the  U.S.  Center  for  Disease  Control  (CDC)  in  1964  and  was  then 
mistakenly  identified  as  a  virulent  strain  of  V.  parachaemolyticus.  A  few  years  later 
though,  it  was  recognized  as  a  distinct  species,  due  to  the  unique  characteristics  of  the 
disease  compared  to  the  other  Vibrio  sp.  diseases  (Hollis  et  al.  1976,  Blake  et  al.  1979, 
Morris  and  Blake  1985). 

V.  vulnificus  is  associated  with  raw  shellfish  consumption  and  especially  oysters, 
consumption  and  can  be  one  of  the  most  invasive  and  rapidly  fatal  of  the  opportunistic 
human  pathogens  (De  Paola  et  al.  1994,  Rippey  1994,  Wright  et  al.  1996).  Oysters  are 
filter  feeders  and  capture  suspended  food  particles  from  the  water  (Prieur  et  al.  1990).  At 
the  same  time,  bacteria  and  other  free  floating  microorganisms  can  be  trapped  and  oysters 
can  serve  as  carriers  for  human  pathogens  (Prieur  et  al.  1 990).  During  feeding, 
microorganisms  attach  to  the  various  oyster  tissues,  hemolymph,  gills,  adductor  muscle, 
and  mantle,  by  the  in-flow  that  is  created  (Tamplin  and  Capers  1992).  It  has  been  shown 
though  that  V.  vulnificus  is  indigenous  to  shellfish  (Oliver  et  al.  1982,  De  Paola  et  al. 
1994,  Wright  etal.  1996).  •:-, 


It  is  evident  that  V.  vulnificus  is  very  important  for  the  seafood  industry  due  to  the 
high  mortality  rate  observed  during  the  V.  vulnificus  disease;  it  is  the  leading  cause  of 
reported  seafood-related  deaths  in  this  country  (Jacket  et  al.  1984,  Shapiro  et  al.  1998). 
Of  all  seafood-borne  infections,  it  is  the  most  serious  in  the  United  States,  as  it  accounts 
for  95%  of  all  seafood-related  deaths,  and  it  is  estimated  that  there  are  fifty  food-borne 
cases  each  year  serious  enough  to  lead  to  hospitalization  (Morris  and  Black  1985,  Morris 
1 988).  It  is  noticeable  that  infections  with  V.  vulnificus  are  seen  primarily  in  males  over 
the  age  of  40  and  generally  occur  between  the  months  of  May  and  October. 

V.  vulnificus  can  cause  invasive  systemic  disease  with  symptoms  generally 
occurring  within  16-38  hours  following  ingestion  and  include  fever,  chills,  decrease  in 
blood  pressure,  and  the  development  of  "secondary  lesions."  typically  on  the  legs.  These 
lesions  begin  as  fluid-filled  blisters,  which  progress  to  result  in  extensive  destruction  of 
muscle  tissue,  frequently  requiring  amputation  of  the  affected  limb.  Progression  of  the 
infection  rapidly  leads  to  death  in  50%  of  the  cases,  with  death  occurring  in  a  matter  of 
days  (CDC,  08/1 1/2001,  www.cdc.gov).  Prompt  administration  of  antibiotics  is  essential 
and  intensive  medical  treatment  is  required.  The  organism  also  causes  infection  through  a 
cut  or  puncture  wounds  acquired  while  shucking  oysters,  peeling  shrimp,  cleaning  fish, 
etc.,  and  these  patients  may  also  develop  fever  and  chills,  with  redness,  swelling,  pain, 
and  tissue  destruction  at  the  site  of  the  wound,  but  they  do  not  develop  the  secondary 
lesions.  The  fatality  rate  for  wound  infections  is  approximately  25%o  (CDC,  08/1 1/2001, 
www.cdc.gov  2002). 

The  infectious  dose  for  V.  vulnificus  disease  is  not  known,  but  it  should  be  noted 
that  only  individuals  with  certain  underlying  diseases,  such  as  certain  liver  diseases 


(especially  cirrhosis  and  hepatitis),  iron  overload  (hemochromatosis),  diabetes,  cancer, 
gastric  disease,  and  AIDS,  are  susceptible  (Tacket  et  al.  1984).  According  to  the 
Canadian  Hemochromatosis  Society,  Hemochromatosis  (HHC,  06/1/2001, 
www.cdnhemochromatosis.ca)  is  a  hereditary  condition  that  causes  an  overload  of  iron  in 
the  body.  The  liver,  heart,  endocrine  glands,  skin  and  joints  are  principally  affected,  and 
liver  cirrhosis,  cardiomyopathy,  diabetes  mellitus,  hypogonadism  and  arthritis  are  the 
usual  manifestations  (HHC,  06/1/2001,  www.cdnhemochromatosis.ca).  Individuals 
belonging  to  these  high  risk  groups  are  80  times  more  likely  to  get  sick  and  more  than 
200  times  more  likely  to  die  from  consuming  V.  vulnifwus-'mfected  raw  oysters  than  are 
healthy  persons  (CDC.  08/1 1  /200 1 ,  www.cdc.gov). 

Distribution  of  V.  vulnificus 
The  main  cause  of  V.  vulnificus  illnesses  is  the  consumption  of  raw  oysters, 
Crassostrea  virginica,  which  are  harvested  from  Gulf  Coast  estuaries  (Shapiro  et  al. 
1998).  It  is  an  interesting  fact  as  this  organism  has  also  been  recovered  from  the  Atlantic 
Coast  (Motes  et  al.  1998,  Shapiro  et  al.  1998)  and  Pacific  Coast  sites  (Kaysner  et  al. 
1989).  The  bacterial  numbers  in  the  Gulf  Coast  estuaries  can  range  from  10^^  to  10^ 
organisms  per  gram  of  oyster  tissue  (Tamplin  et  al.  1 982),  but  the  Atlantic  Coast  sites 
which  have  higher  salinities  showed  reduced  numbers  of  V.  vulnificus  with  comparable 
water  temperatures  throughout  the  warm  months  (Motes  et  al.  1998).  A  study  that  was 
done  in  Chesapeake  Bay  estuaries  demonstrated  comparable  bacterial  counts  to  those 
from  the  Gulf  Coast  (Wright  et  al.  1996).  V.  vulnificus  outbreaks  have  been  reported  in 
countries  outside  the  U.S.  such  as  Sweden,  Germany,  Holland.  South  Korea,  and 
Denmark,  with  bacteria  present  in  the  oyster  tissue  and  the  seawater  (Dalsgaard  et  al. 
1996.  Linkus  and  Oliver  1999). 


V.  vulnificus  Pathogenesis 

V.  vulnificus  bacteria  contain  multiple  virulence  characteristics  that  may  be 
involved  or  required  for  manifestation  of  disease  in  humans.  As  seen  in  all  gram-negative 
microorganisms,  biotype  1  V.  vulnificus  produces  lipopoly saccharide  (LPS)  endotoxin 
with  variable  0-side  chain  on  its  surface  (Amaro  et  al.  1997).  Although  V.  vulnificus 
endotoxin  initiates  a  certain  level  of  cytokine  induction,  it  has  less  pyrogenic  potential 
than  endotoxins  from  other  gram-negative  bacteria  (McPherson  et  al.  1991).  Powell  et  al. 
(1997)  challenged  mice  with  the  encapsulated  M06-24/0  strain  and  its  un-encapsulated 
transposon  mutant,  CVD752,  with  purified  CPS  and  LPS.  They  observed  that  purified 
CPS  was  a  slightly  more  active  inducer  of  TNF-alpha  than  was  LPS.  It  is  believed  that 
LPS  plays  a  role  in  stimulating  the  host  cytokine  response  during  the  disease  process,  but 
it  cannot  solely  explain  the  massive  inflammation  and  septic  shock  that  are  observed 
during  systemic  infection  (Strom  and  Paranjpye  2000). 

V.  vulnificus  also  produces  a  number  of  extracellular  proteins,  among  them  two 
hemolytic  proteins,  a  protease  and  a  cytolysin.  The  more  important  of  the  two,  the  ' 
cytolysin,  is  a  heat-labile,  56-kDa  enzyme  that  lyses  mammalian  erythrocytes  (Gray  and 
Kreger  1985).  It  is  heat-labile,  and  the  purified  protein  can  increase  vascular  permeability 
in  guinea  pig  skin  and  is  lethal  for  mice  at  levels  of  about  3|ig/Kg  of  body  weight  (Gray 
and  Kreger  1985,  Wright  and  Morris  1991).  The  gene  encoding  this  protein,  vvhA,  shows 
similarity  to  the  V.  cholerae  EI  Tor  hemolysin  and  the  V.  cholerae  non-01  cytolysin 
(Yamamoto  et  al.  1 990,  Wright  and  Morris  1 99 1 ).  This  protein  may  play  a  role  in 
virulence  as  antibodies  in  the  sera  of  infected  mice,  specific  to  the  toxin,  have  been         '  • 
detected.  However,  it  is  not  necessary  for  the  extensive  tissue  damage  observed  in  V.         ' 


vulnificus  infections,  as  inactivation  of  the  protein  did  not  affect  virulence  (Gray  and 
Kreger  1986,  Wright  and  Morris  1991).  Thus  far,  the  actual  contribution  to  the  disease 
process  has  not  been  elucidated,  excluding  it  as  a  virulence  determinant  in  the  V. 
vulnificus  disease  process  (Gray  and  Kreger  1986,  Wright  and  Morris  1991). 

The  protease.  VVP  or  VVPE,  has  elastolytic  and  coUagenolytic  activities  (Smith 
and  Merkel  1982,  Kothary  and  Kreger  1987.  Miyoshi  et  al.  1987).  It  has  been  suggested 
to  be  a  potential  virulence  factor,  particularly  in  skin  lesions,  but  its  inactivation  had  no 
effect  on  the  growth  of  the  organism  in  vitro  or  in  vivo,  nor  did  it  have  any  effect  on  the 
induction  of  vascular  permeability  in  rats  (Kothary  and  Kreger  1987,  Miyoshi  et  al.  1998, 
Shao  and  Hor  1999).  Inactivation  of  the  V.  vulnificus  vvpE  gene  had  no  effect  on  the 
bacterial  ability  to  infect  mice  irrespective  of  iron  addition  (.leong  et  al.  2000). 
Interestingly,  in  the  absence  of  VVP,  there  was  an  increase  in  the  amount  of  cytolysin 
activity  (as  measured  by  hemolysis  of  mouse  erythrocytes)  in  culture  supernatants  of  the 
mutant  compared  to  the  wild-type,  suggesting  that  the  cytolysin  may  act  as  a  substrate  to 
the  protease  and  when  absent,  more  cytolysin  is  available  to  cause  tissue  damage, 
increasing  the  virulence  potential  of  the  organism  (Shao  and  Hor  1999). 

V.  vulnificus  produces  hydroxymate  and  phenol  ate  (catechol)  for  the  acquisition  of 
iron  from  the  mammalian  host  (Simpson  and  Oliver  1 983).  An  isogenic  mutant  in  the 
catechol  siderophore  (VenB)  was  considerably  less  virulent  in  mice  (Litwin  et  al.  1996). 
It  has  been  hypothesized  that  bacteria  sense  the  environment  for  iron,  and  the  change 
from  a  high-  to  a  low-iron  concentration  may  act  as  an  important  sensory  signal  of  the 
mammalian  host.  Iron  is  very  important  for  V.  vulnificus.  This  is  evident  from  the 
increased  concentration  of  iron  in  the  sera  of  most  of  the  susceptible  population  to  the  V. 
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vulnificus  and  by  the  animal  model  used  for  V.  vulnificus  disease  studies.  Intraperitoneal 
injection  of  mice  with  a  virulent  V.  vulnificus  isolate  generally  results  in  little  effect,  with 
a  lethal  dose  of  (LD50)  requiring  greater  than  1x10^  bacteria.  However,  the  LD50 
dramatically  decreases  to  values  ranging  from  a  few  bacteria  to  1x10^  bacteria  if  iron  is 
injected  usually  shortly  before  the  bacterial  challenge.  In  this  iron  overloaded  mouse 
model  the  LD50  for  avirulent  strains  is  greater  than  IxlO"*  bacteria.  Oral  inoculations  of 
mice  required  higher  numbers  of  bacteria  (1x10^)  (Wright  et  al.  1981). 

V.  vulnificus  Capsular  Polysaccharide 
The  symptoms  of  V.  vulnificus  septicemia  resemble  those  of  endotoxic  shock,  but 
as  was  mentioned  previously  the  lipopolysaccharide  of  this  organism  was  relatively  inert, 
and  its  contribution  to  virulence  remains  unclear  (McPherson  et  al.  1991,  Powell  et  al. 
1997).  V.  vulnificus  strains  isolated  from  humans  have  been  associated  with  the 
expression  of  CPS  on  their  surface  (Wright  et  al.  1990.  Wright  et  al.  1999).  Thus  far,  the 
primary  virulence  factor  for  V.  vulnificus  is  expression  of  capsular  polysaccharide,  and 
those  isolates  that  do  not  express  it  are  avirulent  (Wright  et  al.  1990).  As  shown  in  Figure 
1 ,  V.  vulnificus  strains  exhibit  phenotypic  variation  when  grown  on  an  agar  surface; 
Opaque  (O)  colony  morphology  is  associated  with  CPS  expression,  but  colonies  may  also 
show  a  Translucent  (T)  phenotype.  whereby  cells  are  acapsular  or  have  reduced  CPS 
expression  (Yoshida  et  al.  1985,  Simpson  et  al.  1987).  These  phenotypes  can  be 
reversible  for  both  O^T  and  T-^'O  transitions  in  some  strains  at  a  rate  of  about  10'^  to 
10"''  in  a  process  termed  phase  variation  (Wright  et  al.  1990).  Similar  associations  of  CPS, 
colony  morphology,  and  virulence  have  also  been  reported  for  non-01  V.  cholerae 
(Johnson  et  al.  1994). 


Figure  1 .  Phase  variants  of  V.  vulnificus  M06-24 

Cell  surface  expression  of  CPS  varied  with  growth  phase,  with  the  highest  amounts 
observed  during  logarithmic  growth  at  30°C  (Wright  et  al.  1999).  Opaque,  encapsulated 
strains  are  highly  lethal  in  mice,  especially  in  animals  with  excess  iron  (Wright  et  al. 
1981)  and  resist  bactericidal  effects  of  serum  or  phagocytosis  (Tamplin  et  al.  1985, 
Shinoba  et  al.  1987).  Translucent  isolates  with  reduced  CPS  expression  are  also 
diminished  in  the  virulent  phenotype  (Simpson  et  al.  1987,  Yamamoto  et  al.  1990,  Wright 
et  al.  1999).  The  capsule  apparently  enables  V.  vulnificus  to  evade  nonspecific  host 
defense  mechanisms,  such  as  activation  of  the  alternative  pathway  of  the  complement 
cascade  and  complement-mediated  opsonophagocytosis  (Tamplin  et  al.  1985,  Moxon  and 
KroU  1990,  Roberts  1992). 

Wright  et  al.  (1999)  demonstrated  that  the  translucent  phase  variant  of  M06-24/0 
was  able  to  bind  type  1  CPS-specific  monoclonal  antibodies,  suggesting  conservation  in 
the  CPS  between  the  variants.  Thus  the  differences  were  on  the  amount  of  capsule  that 
surrounded  the  cell  and  not  on  the  capsular  type  that  was  present.  Great  diversity  of  CPS 
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types  among  V.  vulnificus  has  been  reported  and  virulence  of  V.  vulnificus  has  not  been 
associated  with  any  particular  CPS  composition  (Hayat  et  al.  1993).  Opaque  and 
translucent  phase  variation  of  colony  morphology  is  considered  a  virulence  marker  for  V. 
vulnificus.  Expression  of  capsule  is  necessary  but  is  not  sufficient  for  virulence,  as 
encapsulated  strains  were  avirulent  (Starks,  Scheb  et  al.  2000). 

Capsular  Polysaccharide  Assembly 

Most  of  the  work  on  the  CPS  biosynthesis  and  assembly  of  the  capsule  to  the 
outside  of  the  cell  has  been  done  on  Escherichia  coli,  and  in  1999.  Drummelsmith  and 
Whitfield  introduced  a  new  categorization  system  for  capsular  polysaccharides, 
comprising  four  new  groups  (group  1  through  4).  Wright  et  al.  (2001)  identified  a  group 
1-like  operon  in  V.  vulnificus,  and  in  this  study  we  will  solely  focus  on  the  analysis  and 
characterization  of  group  1  operons,  with  E.  coli  as  a  prototype.  The  sequence  of  the  16- 
kb  capsule  biosynthesis  cluster  has  been  determined  for  the  group  1  prototype  isolate,  E. 
coli  E69  (O9a:K30)  (Drummelsmith  and  Whitfield  1999,  Rahn  et  al.  1999).  The  CPS 
operon  contains  1 2  open  reading  frames,  which  are  divided  into  two  regions  by  a 
transcriptional  attenuator  (Rahn  and  Whitfield  2003). 

Proteins  encoded  by  genes  that  are  located  upstream  of  the  attenuator  are  conserved 
and  involved  in  the  translocation  and  assembly  of  the  high-molecular- weight  CPS,  but 
those  located  downstream  of  the  attenuator  are  not  conserved  and  are  involved  in 
synthesis  and  low-level  polymerization  of  the  CPS  repeat  units  (Rahn  and  Whitfield 
2003).  These  proteins  include  the  serotype-specific  glycosyltransferases  and  components 
of  the  Wzx-  and  Wzy-dependent  polymerization  pathway  (Rahn.  and  Whitfield  2003).    . 
According  to  Paiment  et  al.  (2002),  E.  coli  group  1  CPS  involves  a  Wzy-dependent 
pathway,  in  which  the  individual  repeat  units  are  assembled  on  undecaprenol  phosphate 
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at  the  cytoplasmic  face  of  the  inner  membrane  by  the  sequential  activity  of 
glycosyltransferases,  and  then  the  repeat  units  are  believed  to  cross  to  the  periplasmic 
face  of  the  inner  membrane  by  an  unknown  mechanism  involving  a  putative  flippase,  the 
Wzx  protein.  A  polymerase.  Wzy,  is  then  involved  in  the  polymerization  of  the  lipid- 
linked  repeat  units,  where  in  E.  coll  K30,  they  can  follow  one  of  two  fates  at  this  point. 
High-level  polymerization,  termed  K30cps,  can  occur  in  the  periplasmic  face  of  the  inner 
membrane  to  generate  the  high-molecular-weight  CPS,  which  is  then  translocated  to  the 
cell  surface.  Alternatively,  one  or  even  a  few  repeat  units  can  be  ligated  onto  lipid  A-core 
and  expressed  on  the  cell  surface  as  Klps  (MacLachlan  et  al.  1993,  Dodgson  et  al.  1996). 
The  region  of  the  operon  that  is  located  downstream  of  the  transcriptional  attenuator  is 
sufficient  for  the  production  of  Klps  but  not  for  synthesis  of  the  high-molecular- weight 
capsule  (Rahn  and  Whitfield  2003). 

Preceding  the  attenuator  in  the  K30  operon  the  products  of  the  first  four  genes 
{orfX.  wza,  wzh  and  wzc)  are  believed  to  be  involved  in  the  high-level  polymerization  and 
surface  expression  of  the  high-molecular-weight  CPS  (K30cps).  These  genes  are 
separated  from  a  block  of  downstream  genes  encoding  enzymes  for  repeat  unit  synthesis 
by  a  transcriptional  attenuator  (Rahn  et  al.  1999,  Rahn  and  Whitfield  2003).  The  first 
gene  encodes  for  the  OrfX  protein,  which  has  only  one  known  homologue  found  in 
Klebsiella  pneumoniae  K2  strains  (0RF3)  (Arakawa  et  al.  1991,  Arakawa  et  al.  1995, 
Alvarez  et  al.  2000).  Only  until  recently  was  a  role  assigned  to  this  protein;  is  an  outer 
membrane  protein  (Wzi)  and  wzi  mutants  have  increased  amounts  of  cell-free  exo- 
polysaccharide  at  the  expense  of  a  capsular  structure  (Rahn  et  al.  2003).  Additionally,  wzi 
mutants  had  no  effect  on  expression  of  the  wza  and  wzc  gene  products,  thus  any 
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regulatory  role  for  Wzi  was  ruled  out.  Wzi  might  be  required  for  attachment  of  the 
capsular  polymer  to  the  cell  surface,  either  by  providing  an  anchor  itself  or  indirectly  by 
providing  an  assembly  system  for  a  different  molecule  that  serves  as  the  anchor. 

Wza  is  an  outer  membrane  lipoprotein  that  multimerizes  to  form  ring-like 
structures  resembling  secretins  for  type  II  and  type  III  protein  secretion  of  high- 
molecular-weight  (HMW)  CPS  polymers  across  the  outer  membrane  (Drummelsmith  and 
Whitfield  2000).  Mutations  in  the  wza  gene  led  to  loss  of  polymer  secretion  and 
accumulation  of  HMW  intermediates  within  the  periplasm.  Interestingly  though,  wza 
mutants  can  still  make  and  polymerize  Klps,  and  probably  exists  a  feedback  mechanism 
in  the  system  to  prevent  accumulation  of  HMW  intermediates  that  are  going  to  be 
transported  to  the  outside  (Drummelsmith  and  Whitfield  1999,  2000).  Wza  mutants 
exhibit  a  phenotype  that  is  distinct  from  the  one  observed  in  Wzi  mutants,  as  in  the  latter 
mucoidy  and  Klps  are  unaffected  (Rahn  et  al.  2003).  It  is  hypothesized  that  Wzi  acts 
further  down  in  the  polymerization  and  transport  cascade  of  CPS,  with  a  possible  role  in 
determining  the  distribution  of  cell-associated  and  cell-free  K  antigen  (Rahn  et  al.  2003). 

Following  wza  are  two  genes  whose  proteins  are  thought  to  have  a  synergistic 
function.  Wzc,  a  tyrosine  autokinase,  and  Wzb,  its  cognate  phosphatase  (Drummelsmith 
and  Whitfield  1999,  Wugeditsch  et  al.  2001).  In  E.  coli  K30  these  proteins  are  required 
for  the  assembly  of  the  high-molecular- weight  capsular  layer  on  the  cell  surface,  though 
not  for  polymerization  or  assembly  of  Klps  (Drummelsmith  and  Whitfield  1999, 
Wugeditsch  et  al.  2001).  The  C-terminal  17  amino  acids  of  Wzc  include  variable 
numbers  of  tyrosine  phosphorylation  sites  required  for  assembly  of  K30  high  molecular 
weight  capsule  (Wugeditsch  et  al.  2001).  It  has  been  hypothesized  that  Wzc  must 
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undergo  cycles  of  phosphorylation  and  dephosphorylation  for  the  K30  CPS  to  be 
expressed  (Wugeditsch  et  al.  2001).  To  date  the  precise  role  of  Wzc  has  not  been 
elucidated,  but  the  Wugeditsch  et  al.  (2001)  study  suggested  that  Wzc  maybe  involved  in 
volume  control  of  the  HMW  CPS  on  the  outside  by  coordinating  other  components  in  the 
assembly  complex  in  a  manner  analogous  to  the  proposed  role  of  Wzz  in  the  biosynthesis 
of  O  antigens  (Bastin  et  al.  1993,  Morona  et  al.  1995).  Homologues  of  wzi-wza-wzb-wzc 
are  also  found  in  the  CPS  loci  from  K.  pneumoniae  (Arakawa  et  al.  1991,  Rahn  et  al. 
1999).  Additionally,  there  are  second  copies  of  the  wza.  wzb,  and  wzc  (wza22min,  wzbijmin, 
and  wzcjimin)  genes  on  the  chromosomes  of  £.  coli  K30  and  K-12  strains,  with  products 
that  participate  with  low  efficiency  in  K30  CPS  and  colanic  acid  production  (Vincent  et 
al.  2000,  Wugeditsch  et  al.  2001).  Colanic  acid  or  M  antigen  is  produce  by  E.  coli  K-12 
and  is  a  loosely  attached  EPS  that  is  produced  in  low  levels  (Geobel  1 963). 

Mechanisms  of  Phase  Variation 
Phase  variation  is  considered  the  switching  of  a  specific  target  gene  or  a  whole 
operon  to  either  an  ON  or  an  OFF  state.  These  phase  variations  are  usually  reversible,  but 
may  be  irreversible  and  are  generally  random  events  occurring  at  high  frequency  (>10"-' 
per  generation)  resulting  in  a  phenotypically  heterogeneous  population  (Henderson  et  al. 
1999).  Such  phenomena  may  also  be  considered  as  "programmed  events,"  as  the  genome 
of  the  organism  is  usually  organized  in  such  a  way  that  certain  events  are  more  likely  to 
occur  (van  Belkum  et  al.  1998,  Henderson  et  al.  1999).  Phase  variation  has  been  observed 
among  various  organisms,  both  bacterial  and  non-bacterial,  and  frequently  involves 
phenotypic  changes  in  surface  structures  (CPS,  LPS,  pili,  or  outer  membrane  proteins)  ■ 
required  for  response  to  host  defenses  or  changing  environmental  conditions  (for  a  review 
see  Henderson  et  al.  1999).  Thus,  phase  variation  is  thought  to  be  essential  to  maintain 
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diversity,  which  is  required  for  survival  of  many  pathogens  in  continuously  changing 
environments.  Despite  the  growing  number  of  examples  of  this  phenomenon,  relatively 
few  distinct  mechanisms  have  been  described  for  phase  variation,  and  these  include 
promoter  inversions,  insertion  element-mediated  alterations,  differential  methylation,  and 
genetic  rearrangement  mediated  by  multiple  repeated  short  DNA  segments  (Henderson  et 
al.  1999). 

Repetitive  DNA  segments,  which  are  frequently  seen  in  eukaryotes,  are  gradually 
being  identified  in  prokaryotes.  Repetitive  DNA  may  consist  of  simple  homopolymeric 
tracts  of  a  single  nucleotide  or  of  several  multimeric  classes  of  repeats  in  large  or  small 
numbers,  and  these  sequences  have  been  defined  as  short  sequence  repeats  (SSRs)  or 
variable  number  of  tandem  repeats  (VNTRs)  (van  Belkum  et  al.  1998,  Henderson  et  al. 
1999).  The  identified  SSRs  are  usually  1  to  6  nucleotides  in  length  or  longer  with  more 
than  1 5  nucleotides,  with  intermediate  size  repeats  being  only  rarely  encountered    . 
(vanBelhum  et  al.  1 998).  It  has  also  been  reported  that  the  shorter  unit  repeats  are 
involved  in  regulatory  processes  and  are  affected  by  slipped  strand  mispairing  and  that 
the  longer  repeats  play  a  physical,  rather  than  a  regulatory  role  (vanBelhum  et  al.  1 998). 
The  genome  sequence  of  £.  coli  revealed  that  SSR-type  regions  harboring  repeat  units  of 
fewer  than  8  nucleotides  were  very  rare  (Blattner  et  al.  1997,  vanBelhum  et  al.  1998). 

DNA  comprised  of  inverted  repeats,  direct  repeats,  mirror  repeats,  and 
homopurine/homopyrimidine  runs  is  also  termed  "defined  ordered  sequence  DNA" 
(dosDNA.  Rosche  et  al.  1995).  DosDNA  regions  can  be  considered  "hot  spots"  for 
transient  mispairing  during  DNA  replication  allowing  for  slipped  misalignment  events  to 
occur  that  may  lead  to  changes  in  the  translational  reading  frame  slipped-strand 
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mispairing  (Belland  1991,  Rosche  et  al.  1995,  van  Belkum  et  al.  1998,  Henderson  et  al. 
1999).  These  alterations  can  occur  within  a  gene  to  produce  frame-shifts  that  result  in 
stop  codons  leading  to  truncated  proteins  or  localize  in  the  promoter  region  to  decrease 
gene  expression  by  changing  the  promoter  strength  (Chandler  and  Fayet  1993,  van 
Belkum  et  al.  1998).  Additionally,  the  number  of  repeated  units  may  be  altered  through 
strand-slippage  and  mismatch  repair  during  transcription  (Streisinger  et  al.  1966,  Rosche 
et  al.  1995,  van  Belkum  et  al.  1998).  Trinh  and  Sinden  (1993)  created  insertion  mutations 
that  shifted  the  reading  frame  of  the  chloramphenicol  acetyl  transferase  (cat)  gene,  and 
estimated  the  frequency  of  spontaneous  reversion  to  Cm'  phenotype  (O.lx  10''-50xlO'^) 
through  deletion  of  the  mutation  insert  (17  bp)  in  pBR325.  It  was  also  proposed  that  the 
deletion  event  was  mediated  by  slipped  misalignment  between  flanking  direct  repeats 
during  DNA  replication  or  by  other  frame-shift  mutations  and  that  longer  direct  repeats 
may  increase  the  deletion  frequency  (Trinh  and  Sinden  1993,  Rosche  et  al.  1995). 

The  slipped-strand  mispairing  or  misalignment  model  was  proposed  by  Streisinger 
et  al.  (1966)  to  explain  the  mechanism  of  addition  and  deletion  of  one  base  within  a 
homopolymeric  run  of  several  bases.  Deletion  and  addition  mutations  had  also  been 
reported  for  one  copy  of  the  three  tandem  direct  sequence  (CTGG)  that  is  located  in  the 
/ac/ gene,  and  led  to  the  extension  of  the  Streisinger  model  in  order  to  explain  the 
deletion  of  DNA  located  between  direct  repeats  (Farabaugh  et  al.  1978,  Galas  1978).  This 
type  of  mutation  has  been  attributed  to  errors  in  replication  caused  by  the  intra-strand 
misalignment  of  nonadjacent  direct  repeats.  A  hairpin  stem  loop  structure  can  be  formed 
in  the  template  strand  due  to  slippage  of  the  nascent  strand  from  the  first  copy  of  the 
direct  repeat  to  the  second  copy  of  the  direct  repeat.  As  a  result,  the  two  direct  repeats  are 
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brought  into  closer  proximity  and  thereby  facilitating  primer  template  misalignment  and 
leading  to  the  deletion  of  material  between  the  direct  repeats  and  one  copy  of  the  direct 
repeat  (Albertini  et  al.  1982,  Ripley  and  Glickman  1983,  van  Belkum  et  al.  1998).  Site- 
specific  inversions  or  insertions/deletions  of  DNA  segments  usually  require  a  specific 
recombinase,  but  some  direct  repeat-directed  and  palindrome-directed  mutations  are 
independent  of  RecA  (Farabaugh  et  al.  1978,  Sinden  et  al.  1991,  van  Belkum  et  al.  1998). 
The  regions  bordering  the  SSR  loci  are  susceptible  to  more  frequently  occurring 
mutagenic  events.  Site-specific  recombination  is  usually  involved  in  these  phase  variation 
phenomena,  which  differs  from  general  homologous  recombination  in  that  substrate 
DNAs  with  considerable  homology  are  needed,  and  exchange  can  occur  anywhere  within 
the  region  of  homology  (Henderson  et  al.  1999).  The  frequency  of  the  recombination 
events  increases  with  the  length  of  the  homologous  region.  In  addition,  in  the  general 
recombination  pathway  RecA  is  required  for  general  homologous  recombination,  in 
contrast  to  site-specific  reactions  in  which  the  recombining  sequences  are  usually  short 
and  the  reaction  occurs  at  a  single  specific  site  within  the  recombining  sequence 
(Henderson  et  al.  1999).  In  general,  rearrangements  associated  with  SSRs  are  generally 
considered  to  be  random,  but  may  be  viewed  as  "programmed  events"  because  the 
genomic  organization  favors  the  recombination  (Henderson  et  al.  1999). 

Site-specific  inversion  of  DNA  segments  provides  a  simple  ON  to  OFF  switch  for 
genes  located  within  or  adjacent  to  the  invertible  region  (Henderson  et  al.  1999).  In  these 
events  the  spatial  relationship  of  promoters  or  regulatory  elements  with  the  genes  they 
affect  is  altered,  and  the  best-characterized  examples  of  variation  achieved  by  site- 
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specific  DNA  inversions  are  the  type  1  fimbriae  of  E.  coli  and  the  flagellum  of 
Salmonella  typhimurium  (Henderson  et  al.  1999). 

The  opacity  proteins  (Opa)  of  Neisseria  gonorrhoeae  and  Neisseria  meningitidis 
undergo  both  antigenic  and  phase  variation  (Meyer  et  al.  1990).  These  adhesins  mediate  a 
variety  of  neisserial-host  cell  interactions  including  opsonin-independent  phagocytosis  by 
professional  phagocytes  and  invasion  of  epithelial  cells  (Dehio  et  al.  1 998).  A^. 
gonorrhoeae  may  possess  \\-\2opa  loci  scattered  throughout  the  chromosome,  while  N. 
meningitidis  only  3  or  4.  These  are  the  loci  that  form  the  basis  for  antigenic  variation  in 
these  organisms  (Connell  et  al.  1990,  Aho  et  al.  1991).  Thus,  bacteria  display  either  a 
single  Opa  protein  or  multiple  Opa  proteins  simultaneously  (Meyer  et  al.  1990).  The 
mechanism  for  the  phase  variation  event  is  at  the  translational  level,  as  alterafions  occur 
in  the  reading  frame  of  the  leader  sequence  of  each  opa  gene  that  contains  a  repetitive 
pentamer  sequence  (5'-CTCTT-3'),  which  is  termed  the  coding  repeat  (CR)  (Stem  et  al. 
1986,  Meyer  et  al.  1990).  According  to  the  number  of  CRs  that  are  present  at  the  time, 
the  translational  reading  frame  of  an  opa  gene  may  be  shifted  as  the  methionine  codon  is 
(6,  9,  12  CRs)  or  it  is  not  (any  other  configuration)  in  frame  with  the  coding  region  of  the 
whole  molecule  (Stem  et  al.  1986). 

As  mentioned  previously,  modulation  of  expression  by  transcriptional  strand 
slippage  is  a  result  of  slipped-strand  mispairing  in  regions  outside  the  ORF,  generally 
occurring  upstream  of  the  gene.  The  Ope  outer  membrane  protein  of  TV.  meningitidis 
undergoes  this  form  of  regulation  with  the  ope  not  only  undergoing  a  phase  variation 
event  of  the  ON/OFF  type,  but  also  volume  control  (van  Ham  et  al.  1993,  Sarkari  et  al. 
1994,  Saunders  1994).  Phase  changes  are  produced  by  strand  slippage  in  a  stretch  of 
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cytosine  bases  adjacent  to  the  promoter  region  of  the  ope  gene  (Sarkari  et  al.  1994. 
Saunders  1994).  The  number  of  cytosine  bases  that  comprise  the  homopolymer  varies, 
and  three  different  phenotypes  exist:  12  or  13  lead  to  the  Opc++,  1 1  or  14  to  Opc+  (10 
times  less  abundant),  and  >15  or  <10  to  Ope  (no  ope  mRNA  is  detected)  (Sarkari  et  al. 
1994,  Saunders  1994). 

Variation  by  differential  methylation  differs  from  the  mechanisms  of  phase 
variation  described  above.  This  type  of  variation  is  described  as  epigenetic  in  that  the 
phenotypes  are  altered  but  the  genotypes  are  not.  Rather  than  genomic  rearrangements 
the  integrity  of  the  genome  is  maintained,  while  various  regulatory  proteins  act  in  concert 
to  alter  the  transcription  of  the  phase-variable  gene  (van  der  Woude  et  al.  1996).  There 
are,  on  estimate,  1800  GATC  sites  in  E.  eoli  that  become  fully  methylated  or  are 
transiently  hemi-methylated  by  deoxyadenosine  methylase  (Dam)  during  DNA 
replication,  allowing  for  a  method  of  DNA  repair  and  a  mechanism  by  which  bacterial 
and/or  phage  replication  can  be  timed  (Adley  and  Bukhari  1984,  Abeles  et  al.  1993). 
Regulation  of  certain  genes  can  occur  by  differential  protection  from  methylation  of  such 
sites  (Ringquist  and  Smith  1992,  Hale  et  al.  1994).  That  mechanism  was  reported  and 
studied  extensively  in  the  regulation  of  P  fimbrial  expression  in  uropathogenic  E.  eoli, 
which  undergoes  reversible  phase  variation  at  37°C,  while  at  temperatures  below  26°C, 
expression  is  shut  off  (Blyn  et  al.  1990,  van  der  Woude  et  al.  1996). 

Phase  variation  has  been  characterized  in  E.  eoli  strains  with  group  lA  capsular  K 
antigens  (Drummelsmith  et  al.  1997).  A  pair  of  insertion  sequences  (IS7)  flanks  manC'- 
manB  -ugd  region  in  E.  eoli  E69,  providing  a  mechanism  for  gene  replication.  Another 
example  is  found  in  division  I  Haemophilus  influenzae  strains  with  capsular 
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polysaccharides  belonging  to  serotypes  a  to  d  (Kroll  1992).  In  these  strains,  the  cap 
(capsule  biosynthesis)  locus  is  flanked  by  V&1016  elements,  which  might  explain  the 
recombination-mediated  amplification  in  cap  occurring  in  some  clinical  isolates  (Kroll 
1992). 

Vibrio  cholerae  is  also  a  member  of  the  Vibrionaceae  family  and  has  been  involved 
in  8  pandemics  throughout  the  world.  There  are  multiple  defined  serogroups  of  V. 
cholerae  and  until  1992  only  V.  cholerae  01  was  recognized  as  a  major  human  pathogen. 
However,  in  late  1992  in  Bengal  a  novel  V.  cholerae  serogroup,  0139,  was  isolated  and 
literally  replaced  V.  cholerae  01  as  the  major  cholera  serogroup  (Stroeher  et  al.  1998).  V. 
cholerae  0139  serogroup  is  essentially  the  same  as  V.  cholerae  01  of  the  El  Tor  biotype 
with  the  acquisition  of  a  new  0-antigen  and  capsule  (Johnson  et  al.  1994,  Karaolis  et  al. 
1994,  Manning  et  al.  1995,  Bik  et  al.  1995,  Comstock  et  al.  1995,  Stroeher  et  al.  1995, 
Bik  et  al.  1996.  Comstock  et  al.  1996,  Stroeher  et  al.  1997,  Stroeher  and  Manning  1997). 
V.  cholerae  0139  serotype  emerged  from  the  V.  cholerae  01  by  a  relatively  precise 
replacement  of  the  original  V.  cholerae  01  rfb  (or  wb*)  region  (Manning  et  al.  1995, 
Comstock  et  al.  1995,  Bik  et  al.  1995,  Stroeher  et  al.  1997,  Stroeher  and  Manning  1997). 
The  V.  cholerae  01/0139  r/&  region  contains  an  IS  element  that  probably  provided  the 
portable  regions  of  homology  within  non-homologous  regions  for  genetic  rearrangements 
to  occur  (Mooi  and  Bik  1997).  Finally,  these  mobile  elements  have  the  ability  to  become 
associated  with  specific  genes  and  to  translocate  them,  as  well  as  to  induce  various 
genetic  reorganizations,  including  insertions,  deletions,  and  inversions  (Simon  et  al. 
1980). 
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Focus  of  the  Present  Study 

The  genetic  basis  for  V.  vulnificus  phase  variation  is  not  known.  Recently,  a  group 
1-like  CPS  operon  was  identified  through  transposon  mutagenesis,  and  it  was 
demonstrated  that  the  wza  gene  was  required  for  surface  assembly  of  the  CPS  (Wright  et 
al.  1999).  This  highly  conserved  gene  encodes  a  lipoprotein  that  forms  multimeric 
structures  in  the  outer  membrane  (Whitfield  and  Roberts  1999).  Genomes  of  most  (90%) 
encapsulated  V.  vulnificus  strains  (90%)  contained  the  M'zaw,  while  translucent  strains 
were  less  likely  to  be  positive  for  this  gene  (50%).  and  exhibited  genetic  rearrangements 
at  this  locus  as  indicated  by  Southern  analysis  of  phase  variants  (Wright  et  al.  2001). 
Group  1  CPS  homologues  in  other  strains  are  generally  followed  by  wzb  and  wzc,  and  the 
presence  of  wza-wzb-wzc  homologues  identifies  group  1  CPS  operons  in  E.  coli 
(Drummelsmith  and  Whitfield  1999).  Examination  of  phase  variants  of  different  strains 
of  V.  vulnificus  suggested  that  the  group  1  CPS  locus  might  be  a  site  for  genetic 
rearrangements  that  correlated  with  a  phase  shift.  Therefore,  the  present  study  completed 
the  DNA  sequence  of  the  CPS  operon  to  confirm  homology  to  other  group  1  operons.  and 
genetic  analysis  was  performed  on  several  phase  variants  to  investigate  the  relationship  of 
CPS  operon  genetic  instability  to  phase  variable  phenotypes. 

Specific  Aim  1:  Investigate  Gene  Organization  in  V.  vulnificus  CPS  Operon 
Wright  et  al.  (2001)  identified  a  group  l-like  CPS  operon  through  transposon 
mutagenesis,  and  demonstrated  that  the  wza  gene  was  required  for  surface  assembly  of 
the  CPS.  Group  1  CPS  operons  have  been  described  for  a  number  of  gram-negative 
species  and  are  generally  organized  into  contiguous  regions  containing  a  5'  locus  with 
highly  conserved  genes  {wza,  M'zb,  and  wzc)  involved  in  the  translocation  and  surface 
assembly  of  the  CPS  to  the  cell  surface.  These  conserved  genes  are  followed  by  the 
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polymorphic  region  with  genes  for  CPS  biosynthesis  and  polymerization 

((Drummelsmith  and  Whitfield  1999,  Whitfield  and  Paiment  2003).  The  presence  ofwza 

in  V.  vulnificus  M06-24/0  strongly  indicated  the  presence  of  a  group  1  operon,  but 

identification  of  the  rest  of  the  translocation  and  surface  assembly  genes  {wzb,  and  wzc) 

was  needed  to  vaHdate  that  hypothesis. 

For  the  identification  of  the  entire  V.  vulnificus  M06-24/0  CPS  operon  we  used  a 

combination  of  transposon  marlcer-assisted  cloning  using  insertions  in  the  CPS  operon 

from  the  Wright  et  al.  (2001)  study  and  PCR  amplification  of  DNA  with  previously 

described  primers  (Wright  et  al.  2001),  newly  obtained  sequence  from  this  study,  as  well 

as  sequence  provided  by  Dr.  Paul  Gulig  at  the  University  of  Florida. 

Specific  Aim  2:  Examine  the  Conservation  and  Distribution  of  CPS  Genes  Among 
V.  vulnificus  Strains,  Vibrio  spp.  or  Different  Species 

Group  1  CPS  operons  have  been  described  in  a  number  of  gram-negative 

microorganisms  with  highly  homologous  organization.  Interestingly,  the  conserved  genes 

{wza,  wzb,  and  wzc)  were  found  in  uninterrupted  succession,  but  in  V.  vulnificus  M06- 

24/0  wza  and  wzb  were  interrupted  by  a  hypothetical  protein.  Thus,  DNA  sequence 

comparisons  of  the  organization  of  the  CPS  operon  genes  among  V.  vulnificus  strains. 

Vibrio  spp.  or  different  gram-negative  species  {E.  coli)  would  allow  for  the  identification 

of  particular  patterns  that  might  be  specific  to  the  species.  During  this  study  two  separate 

sequencing  projects  were  taking  place  that  led  to  the  publication  of  two  V.  vulnificus 

genomic  sequences  fi-om  strains  CMCP6  and  YJ016  (Chen  et  al.  2003,  Kim  et  al.  2003) 

increasing  the  available  genome  pool  for  study. 
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Specific  Aim  3:  Examine  the  Genetic  Basis  for  Phase  Variation 

V.  vulnificus  exhibits  phase  variation,  a  phenomenon  that  functions  under  an  unknown 
mechanism.  To  characterize  and  identify  the  mechanism(s)  of  the  phase  variation 
phenomenon  variants  of  different  V.  vulnificus  strains  were  examined  for  sequence 
divergence  in  the  CPS  operon.  It  would  also  be  interesting  to  examine  the  level  of 
conservation  among  the  CPS  translocation  and  surface  assembly  genes  {wza,  wzb,  wzc). 
Additionally,  restriction  fragment  length  polymorphism  of  the  entire  or  parts  of  the  V. 
vulnificus  CPS  operon  would  be  a  quick,  easy,  and  cheap  alternative  to  DNA  sequencing 
for  comparison  of  various  phase  variants  of  a  single  strain. 
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CHAPTER  2 
MATERIALS  AND  METHODS 

Bacterial  Strains  and  Culture  Conditions 

V.  vulnificus  strains  (Table  1)  were  grown  in  Luria-Bertani  broth  (LB,  Difco)  or  LB 
agar,  with  1 .0%  tryptone,  0.5%  yeast  extract,  and  1 .0%  NaCl.  The  strains  were  incubated 
at  30°C  or  37°C  with  vigorous  agitation  overnight.  Ail  culture  strains  were  stored  at  - 
70°C  in  LB  broth  with  50%  (w/v)  glycerol.  When  antibiotics  were  required,  kanamycin 
(50)ag/ml),  tetracycline  (SO^ig/ml)  or  polymyxin  (50|ag/ml)  were  added  to  cultures  of  V. 
vulnificus.  E.  coli  S 1 7- 1  Apir  (Simon  et  al.  1 983)  was  used  for  complementation 
experiments.  All  media  were  purchased  from  Difco  (Detroit.  MI),  and  reagents  were 
purchased  from  Sigma  Chemicals  (St.  Louis,  MO). 

DNA  Cloning 

DNA  encompassing  the  entire  group  1  CPS  operon  of  V.  vulnificus  M06-24/0  was 
recovered  by  a  combination  of  transposon  marker-assisted  cloning  and  DNA 
amplification  by  PCR.  DNA  sequence  from  other  strains  was  recovered  by  direct 
sequencing  of  PCR  products.  Genomic  DNA  from  the  transposon  mutant  V.  vulnificus     -- 
CVD  737  (Wright  et  al.  1 990)  was  obtained  with  the  use  of  QIAmp®  DNA  Mini  Kit 
(Qiagen).  Digested  fragments  with  Bamm  enzyme  (Promega,  for  reaction  conditions  see 
RFLP  section)  of  genomic  DNA  were  cloned  into  pBluescript  SK  (Promega)  according  to 
the  manufacturer's  instructions.  Then,  4  \x\.  was  taken  directly  from  the  ligation  mixtures 
and  was  transformed  into  chemically  competent  cells,  E.  coli  JM109  (Promega) 
according  to  the  manufacturer's  instructions. 
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Table  1 .  CPS  phenotype  of  V.  vulnificus  strains 
Bacteria  Description 


M06-24/0        Encapsulated  clinical  isolate 

M06-24/T        Tl  translucent  phase  variant  of  M06-24  with  reduced  CPS  expression 

rvnTS?  Acapsular  InphoA  mutant  of  M06-24/O  with  insertion  in  wza 

(Wright  etal.  2001) 

rvn7^7  Acapsular  TnphoA  mutant  of  M06-24/O  with  insertion  in  0RP5 

(Wright  etal.  2001) 

LC4/0  Encapsulated  clinical  isolate 

LC4/T  T2  translucent  phase  variant  of  LC4/0with  no  CPS  on  the  cell  surface 

345/T  Environmental  acapsular  strain 


The  various  E.  coil  JM109  clones  were  screened  for  the  kanamycin  resistance 
marker  on  the  TnphoA  transposon  that  had  been  previously  introduced  into  the  CPS 
operon  of  V.  vulnificus  M06-24/0  (Wright  et  al.  1990).  Plasmids  from  the  various 
transformants  were  extracted  with  the  Wizard®  Plus  Minipreps  DNA  Purification 
Systems  (Promega).  Additional  screening  of  the  clones  was  performed  at  this  point  by 
enzymatic  digestion  (BamHl,  Promega),  in  an  effort  to  identify  those  with  the  highest 
size  insert.  The  digests  were  recovered  by  agarose  gel  (1%  w/v)  after  electrophoreses  and 
visualization  with  ethidium  bromide.  DNA  from  the  appropriate  clones  was  concentrated 
by  ethanol  precipitation  and  was  sent  for  sequencing  with  the  use  of  T3  and  T7  primers 
that  are  part  of  the  pBluescript  SK  plasmid. 

PCR  amplification  was  achieved  with  previously  described  primers  (Wright  et  al. 
2001),  newly  obtained  sequence  from  this  study,  as  well  as  sequence  provided  by  Dr. 
Paul  Gulig  at  the  University  of  Florida.  PCR  amplifications  were  performed  with  100  ng 
of  DNA  per  25|al  reaction  and  either  Tag  DNA  polymerase  (Eppendorf)  for  routine  PCR 
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reactions  (product  sizes  <  6Kb)  or  Expand  Long  Template  PCR  System  (Roche)  for 
longer  amplicons.  All  PCR  reactions  were  carried  out  using  a  thermocycler  (GeneAmp 
PCR  System  2400,  PERKIN  ELMER,  or  Mastercyclergradient,  Eppendorf)  under  the 
following  conditions:  incubation  at  94°C  for  5  min,  25  cycles  of  94°C  for  1  min.  56°C  for 
1  min,  and  72°C  for  1  min  with  a  final  7  min  extension  at  72°C  or  for  longer  amplicons 
according  to  the  manufacturers  instructions  (Roche).  Amplified  products  were  visualized 
on  an  agarose  gel  (0.5  to  3%)  with  ethidium  bromide,  and  DNA  was  obtained  from  the 
bands  and  purified  with  the  use  of  Ultrafree®-MC  Centrifugal  Filter  Devices  (Millipore). 
Alternatively,  the  PCR  products  were  purified  directly  from  the  PCR  reactions  with  the 
GENECLEAN  KIT  system  (Q-BIOgene).  The  purified  amplicons  were  subsequently 
cloned  in  pGEMTEasy  (Promega)  and  pBluescript  SK  (Promega)  vectors,  and  then  both 
were  introduced  into  chemically  competent  E.  coli  JM109  cells  (Promega). 

DNA  Sequence  Analysis 
DNA  was  sequenced  at  the  ICBR  core  facility  at  the  University  of  Florida. 
Nucleotide  sequence  identity  searches  and  alignments  were  done  with  the  TFASTA, 
FASTA  or  PILEUP  program  (GCG  Wisconsin  Package)  or  BLAST  (National  Center  for 
Biotechnology  Information). 

Restriction  Fragment  Length  Polymorphism 
Identification  of  possible  differences  located  downstream  from  the  CPS  operon  was 
performed  by  PCR  amplification.  Primers  that  originated  downstream  from  the  conserved 
CPS  region  (after  wzc)  were  used  to  amplify  that  region,  and  the  amplicons  were 
analyzed  by  restriction  fragment  length  polymorphism.  The  bacterial  strains  that  were 
used  for  this  part  of  the  study  were  M06-24/0  and  the  translucent  phase  variant  M06- 
24/T.  DNA  from  these  strains  was  amplified  by  PCR  (as  mentioned  above)  yielding  two 
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portions  of  the  downstream  region  of  the  operon.  The  first  one  was  an  8-Kb  fi-agment 
originating  from  wzc  to  M'bjB,  with  primers  wzce2:  aagagattgatgtagcgcgcag  and  73  7B: 
cgagtccatatactactcgt,  and  the  second  an  1 1-Kb  fragment  with  primers  73  7C: 
gctcatcatatacctgagca  and  ugdB:  ctcaatatccacatctacgatag  that  covered  the  region  from 
whjB  all  the  way  to  the  end,  ugd.  The  amplicons  were  then  digested  with  four  restriction 
enzymes  {Alul.  Rsal,  HaelU  and  //m/I,  Promega)  with  the  following  reaction  mixtures: 
0.5  ^g  of  DNA,  2  ^1  of  Buffer,  1  [i\  of  enzyme  in  total  volume  of  20  |il.  The  digestion 
mixtures  were  incubated  at  37°C  overnight  and  were  visualized  on  an  agarose  gel  (2%) 
with  ethidium  bromide. 

Complementation  of  wzb\y  in  V.  vulnificus  M06-24/T  Phase  Variant 
-  PCR  products  of  M06-24/0  and  LC4/0  containing  the  wzb  gene  as  either  a  1  -Kb 
(752K-ggttgatcagataacgcgaa  and  wzbl-aaggaatacaagcgtctagg)  or  3.6-Kb  (B712K- 
gcgaggatccagcaacttacgttcactt  and  Pwzbl-gttacccgggaatacaagcgtctaggt)  fragment,  without 
or  with  upstream  sequences,  respectively.  Either  pGEMT-Easy  (Promega)  or  TOPO  TA 
(Invitrogen)  cloning  vectors  were  used  for  the  1-Kb  and  3.6-Kb,  respectively.  The 
ligation  reactions  were  performed  according  to  the  manufacturer's  instruction,  and  then  4 
[i\  of  the  ligation  mixtures  were  introduced  into  chemically  competent  E.  coli  JM109 
(Promega).  Screening  of  the  insert-containing  clones  was  performed  with  blue/white 
selection  (Promega)  of  the  grown  colonies  on  the  appropriate  antibiotic  plates.  The 
plasmids  of  the  desired  colonies  were  extracted  (as  described  previously)  and  were  EcoRl 
and  Bam Hl-digesied  (as  mentioned  previously).  Restriction  fragments  containing  the  wzb 
were  further  ligated  into  pRK404  plasmid  (same  as  with  other  plasmids)  and  subcloned 
into  conjugation-competent  E.  coli  S17-A.pir  (Simon  et  al.  1983)  to  yield  pWZBl 
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(without  upstream  sequences)  or  pWZB3.6  (with  upstream  sequences)  plasmids. 
Recombinant  DNA  was  introduced  into  translucent  V.  vulnificus  LC4/T  (T2)  as 
previously  described  (Wright  et  al.  2001)  through  conjugation,  and  transconjugates  were 
plated  to  LB  agar  plates  containing  tetracycline  (10|j.g/ml)  and  polymyxin  (SO^ig/ml)  and 
were  observed  for  colony  morphology.  Complemented  strains  were  selected  by  reversion 
to  opaque  colony  morphology  and  confirmed  by  DNA  sequencing  as  described  above. 

Electron  Microscopy 
V.  vulnificus  cells  were  recovered  from  overnight  growth  on  agar  plates  and 
negatively  stained  with  osmium  vapors  (OSO4,  Ted  Pella,  Redding,  CA).  A  loopfull  from 
the  bacterial  culture  plate  was  used  to  inoculate  a  drop  of  LB  broth  on  SOOmesh  copper 
microscopy  grids  (Ted  Pella,  Redding,  CA)  coated  with  plastic  membrane.  The  grids 
were  secured  with  double  sided  sticky  tape  on  a  microscope  slide  and  were  placed  in  an 
osmium  chamber  without  coming  in  contact  with  the  osmium  droplets.  They  remained  in 
the  chamber  for  45  min  to  fix  and  negatively  stain  the  bacterial  samples.  Lastly,  grids 
were  washed  gently  once  with  water  and  let  to  dry  for  10-15  min  before  visualization. 
The  samples  were  visualized  under  a  transmission  electron  microscope  Zeiss  EM-IO  CA 
at  80  Kv. 


CHAPTER  3 
RESULTS:  SPECIFIC  AIM  1 

Rationale  for  Study 

As  mentioned  previously,  Wright  et  al.  (2001)  identified  a  gene  with  homology  to 
wza  ofE.  coli  K30  (Drummelsmith  and  Whitfield  1999)  that  was  required  for  surface 
assembly  of  the  V.  vulnificus  CPS.  According  to  Drummelsmith  and  Whitfield  (1999)  all 
group  1  CPS  operons  contain  wza-wzb-wzc  homologues,  leading  to  the  assumption  of  a 
group  1-like  CPS  operon  present  in  V.  vulnificus  M06-24/0  (Wright  et  al.  2001).  The 
presence  of  all  three  conserved  genes  will  strengthen  the  assumption  that  in  V.  vulnificus 
M06-24/0  a  group  1  CPS  operon  is  present.  Thus,  sequencing  of  the  entire  CPS  operon 
would  help  us  assign  with  certainty  the  CPS  type. 

Genetic  Organization  of  V.  vulnificus  Group  1-like  CPS  Operon 

Group  1  CPS  operons  have  been  described  for  a  number  of  gram-negative  species 
(Drummelsmith  and  Whitfield  1999,  Whitfield  and  Paiment  2003)  and  are  generally 
organized  into  contiguous  regions  containing  a  5'  locus  with  highly  conserved 
translocation  and  surface  assembly  genes  {wza,  wzb,  and  wzc)  of  the  CPS  to  the  cell 
surface,  followed  by  the  polymorphic  region  with  genes  for  CPS  biosynthesis  and 
polymerization  (Drummelsmith  and  Whitfield  1999).  The  CPS  operon  described  for  the 
group  1  prototype  isolate  (E.  coli  E69  09a:  K30)  consists  of  12  open  reading  frames 
(Figure  2D,  Drummelsmith  and  Whitfield  1999,  Rahn  et  al.  1999),  which  are  divided  into 
two  regions  by  a  transcriptional  attenuator  (Rahn  and  Whitfield  2003). 
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Cloning  and  PCR  amplification  allowed  sequencing  of  the  entire  CPS  operon  for  V. 
vulnificus  M06-24/0.  The  genetic  organization  of  the  operon  demonstrated  homology  to 
the  other  group  1  operons  (Figure  2).  The  previously  identified  wzaw  (AAL09161, 
Wright  et  al.  2001)  was  followed  by  the  well-conserved  M'zby,.  (56%  deduced  amino  acid 
identity  to  the  putative  acid  phosphatase  Wzb  of  £.  coli)  and  wzcvv(42%  deduced  amino 
acid  identity  to  the  Wzc  tyrosine-protein  kinase  of  E.  coli).  The  conserved  CPS 
translocation  and  surface  assembly  genes  that  usually  localize  the  5'  region  of  V. 
vulnificus  operon  followed  the  polymorphic  16-Kb  gene  cluster  responsible  for  the 
biosynthesis  and  polymerization  of  the  capsule.  As  a  result,  genes  upstream  of  the 
attenuator  include  M'za-wzb-wzc,  while  downstream  genes  encode  serotype-specific 
glycosyltransferases  and  other  components  of  the  Wzx-  and  Wzy-dependent 
polymerization  pathway  (Rahn  and  Whitfield  2003).  The  presence  of  wza-wzb-wzc 
homologues  confirmed  the  identity  of  this  operon  in  V.  vulnificus,  as  these  genes  are 
indicative  of  group  1  CPS  operons  in  E.  coli  and  other  species  (Drummelsmith  and 
Whitfield  1999). 

Examination  of  multiple  CPS  operons  from  different  strains  of  V.  vulnificus 
showed  similarities  in  the  genetic  organization  (Figure  2).  Genomic  sequence  from 
GenBank  for  V.  vulnificus  strains  CMCP6  (Kim  et  al.  2003)  and  YJ016  (Chen  et  al.  2003) 
also  indicated  the  presence  of  wza-wzb-wzc  homologues  and  confirmed  group  1  operons 
as  common  to  the  species. 
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Further,  a  hybridization  study  using  a  wza  gene  probe  indicated  group  1  operons 
were  present  in  the  great  majority  of  encapsulated  V.  vulnificus  strains  (Wright  et  al. 
2001).  Although  all  V.  vulnificus  operons  contained  wbJY and  w6/Fhomologues  at  the  3' 
termini,  the  biosynthetic  regions  among  these  strains  were,  as  expected,  polymorphic  and 
reflected  the  diversity  of  the  polysaccharide  structures  that  has  been  observed  for  this 
species  (Hayat  et  al.  1993). 

Identification  of  Genes  for  CPS  Biosynthesis  in  V.  vulnificus  M06-24/0 

The  CPS  translocation  and  surface  assembly  genes  were  followed  by  the 
polymorphic  region  that  contains  genes  for  the  biosynthesis  of  group  1  CPS  (Table  2). 
The  repeating  unit  of  the  V.  vulnificus  M06-24/0  CPS  polymer  was  comprised  of  three 
quinovosamine  (QuiNAc)  and  one  galactosamine  (GalNAcA)  sugar  residues  (Reddy  et 
al.  1992).  The  aforementioned  monosaccharide  components  are  not  present  in  the  E.  coli 
K30  group  1  CPS.  however,  GalNAcA  was  found  as  a  linear  homopolymer  in  the  Vi  CPS 
0^ Salmonella  typhi  and  S.  paratyphi  C  (Reddy  et  al.  1992,  Daniels  et  al.  1989).  Both 
QuiNAc  and  GalNAcA  have  been  identified  in  0-specific  chains  of  LPS  of  P.  aeruginosa 
strains  (Kaya  et  al.  1989).  Detailed  summary  of  individual  genes,  their  homologues,  and 
function  are  shown  in  Table  2,  with  all  of  the  ORFs  of  known  identity  exhibited 
homology  to  genes  related  to  either  the  biosynthesis  of  CPS  or  LPS.  The  first  gene  in  the 
polymorphic  region  aligned  with  deduced  amino  acid  sequence  to  a  UDP-N-acetyl-D- 
galactosamine  dehydrogenase. of  V.  vulnificus  {wbpO,  97%  identity)  and  also  aligned 
with  the  conserved  domain  for  WecC/Ugd  enzymes  (NCBI/CD  COG0677/COG  1004.1, 
95.4%  and  99.8%  identity  with  436  and  414  of  441  amino  acids  respectively)  a  predicted 
UDP-mannose  or  glucose  6-dehydrogenase,  responsible  for  the  production  of  UDP- 
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uronic  acid  sugars  or  aminosugars.  The  predicted  Ugd  protein  product  was  shown  to  be 
necessary  for  E.  coli  E69  K30  antigen  synthesis,  with  glucose,  galactose  and  mannose 
sugars  in  its  repeating  CPS  unit  (Drummelsmith  et  al.  1997).  Following  was  a  gene  with 
deduced  amino  acid  homology  to  wbqB/wbpP  (73%/71%  identity),  a  putative  UDP- 
glucose-4-epimerase,  part  of  the  E.  coli  0121  0-antigen  gene  cluster  and  a  biosynthetic 
gene  in  the  B-band  O  antigen  of  P.  aeruginosa  serotype  06  LPS,  respectively  (Raymond 
et  al.  2002.  Fratamico  et  al.  2003).  This  V.  vulnificus  gene  also  gave  an  alignment  (52.5% 
identity)  with  the  conserved  domain  for  WcaG  enzyme  (NCBl/CD  COG0451),  a 
nucleoside-diphosphate-sugar  epimerase,  responsible  for  carbohydrate  transport  and 
metabolism  that  is  found  in  the  E.  coli  K-12  colanic  acid  with  fucose,  glucose  and 
galactose  sugar  residues  and  isolates  with  group  2  capsules  (Stevenson  et  al.  1996, 
Whitfield  and  Paiment  2003).  The  B-band  of  Z*.  aeruginosa  LPS  is  a  repeating  linear 
tetrasaccharide  consisting  of  QuiNAc  and  GalNAcA,  sugars  also  found  in  the  V. 
vulnificus  M06-24/0  capsule.  A  knockout  mutant  of  that  wbpP  in  Pseudomonas  led  to  B- 
band  deficiency,  which  was  cross-complemented  by  a  salmonella  Vi  CPS  homologue, 
wcdB,  encoding  a  NADP-dependent  enzyme  required  for  synthesis  of  the  GalNAcA 
homopolymer  (Houng  and  Venkatesan  1 998).  These  data  indicated  that  wbpP  is  taking 
part  in  the  biosynthesis  of  UDP-GalNAcA. 

The  sequence  downstream  of  wbpP  had  only  limited  deduced  amino  acid  alignment 
(22%  identity,  42%  similarity)  to  the  Wzx  protein  of  Streptococcus  thermophilus,  a 
conserved  flipase  in  the  Wzy-dependent  pathway  (Broadbent  et  al.  2003).  This  protein 
was  shown  to  be  required  for  the  transport  of  the  lipid-linked  group- 1  K30  capsule  units 
across  the  plasma  membrane  to  the  periplasmic  space  in  E.  coli  (Drummelsmith  and 
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Whitfield  1999).  The  wzx  gene  was  reported  previously  for  a  CPS-related  locus  of 
another  V.  vulnificus  strain  (Smith  and  Siebeling  2003);  however,  the  genetic  context 
differed,  as  it  was  flanked  by  two  genes  with  homology  to  wcvF  (24%  identity, 
AAC70778)  and  m-cvG  (18%  identity,  AF048749),  which  encode  rhamnosyl  and  glycosyl 
transferases,  respectively.  Interestingly,  wzx  (19%  identity,  AAC32342)  was  present  only 
in  one  of  the  two  published  genomes,  and  the  wzy  was  not  found  only  in  the  V.  vulnificus 
1003  (Chen  et  al.  2003,  Kim  et  al.  2003,  Smith  and  Siebeling  2003).  The  NCBI/CDD 
gave  an  alignment  (1 00%,  NCBI/CD  pfamOl  943)  with  a  polysaccharide  biosynthesis 
protein,  with  members  of  this  family  being  integral  membrane  proteins  (Ribx  protein  is  a 
member  of  that  family  and  is  involved  in  the  export  of  O  antigen  and  teichoic  acid). 
The  sequence  following  wzx  showed  deduced  homology  (29%  identity,  48% 
similarity)  to  a  hypothetical  protein  (HP)  from  the  marine  planctomycete  Pyrellula  sp. 
Strain  1  (Glockner  et  al.  2003)  and  contains  a  protein  signal  peptide  and  transmembrane 
prediction  domain.  This  gene  was  followed  by  one  with  deduced  amino  acid  sequence 
homology  to  the  HP-  ORFIO  (28%  identity,  46%  similarity)  in  the  wb*  cluster  of  the  037 
serogroup  0-antigen  biosynthesis  of  V.  cholerae,  which  encodes  a  glycosyl-transferase 
enzyme  involved  in  polysaccharide  biosynthesis  (Li  et  al.  2002).  Is  a  unique  gene  in  the 
037  w6*  cluster  with  no  significant  homology  to  the  previously  published  V.  cholerae 
M'b*  cluster  sequences  (Li  et  al.  2002).  The  gene  product  of  the  next  ORF  was 
homologous  (36%  identity,  52%  similarity)  to  a  probable  mannosyltransferase  B,  M'bdB, 
in  K.  pneumoniae  05-antigen  LPS  (homopolymer  of  mannose  residues),  and  the 
NCBI/CDD  gave  an  alignment  (91 .3%,  NCBI/CD  pfam00534)  with  a  glycosyl- 
transferase  1,  or  waaG  (formerly  rfaG)  in  0157:H7  (Kido  et  al.  1998,  Merino  2000, 
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Shimizu  et  al.  2002).  According  to  the  NCBI/CD,  members  of  the  glycosyl-transferases 
group  1  family  transfer  activated  sugars  to  a  variety  of  substrates,  such  as  fructose-6- 
phosphate  and  lipopolysaccharides.  The  structure  of  the  0157  polysaccharide  is 
unbranched  and  linear  with  a  tetrasaccharide  repeating  unit:  [-3)-a-D-GalNAcp-(l-2)-a- 
D-  PerNAc;?-(l-2)-  a-L-Fuc;7-(l-4)-p-D-Glc/7-(l-]n  (Perry  et  al.  1986),  and  these  enzymes 
are  necessary  for  core-elongation  of  the  LPS  (Barua  et  al.  2002).  The  WaaG  protein  is  a 
UDP-glucose:  lipopolysaccharide  a  1 ,3-glucosyltrasnsferase  that  adds  glucose  I  to 
heptose  II  of  the  core  oligosaccharide  of  LPS,  and  loss  of  the  gene  resulted  in  absence  of 
the  outer  core  oligosaccharide  of  LPS  (Barua  et  al.  2002). 

The  next  four  ORFs  were  homologous  to  genes  with  deduced  amino  acid 
homologies  to  genes  involved  in  the  production  of  quinovosamine  and 
galactosaminouronic  acid  polysaccharides.  The  first  gene  was  homologous  to  an 
epimerase/dehydratase  enzyme  (85%  identity,  94%  similarity)  of  V.  cholerae  037- 
antigen  biosynthesis  (0RF7,  Li  et  al.  2002)  and  WbjB  protein  of  Pseudomonas 
aeruginosa  (75%  identity,  84%  similarity).  WbjB  was  involved  in  polysaccharide 
biosynthesis  in  the  surface  polysaccharide  structures  of  F.  aeruginosa  01 1  strain  PA  103 
0-antigen.  which  possesses  two  fucosamine  and  one  glucose  sugar  residues,  and  is 
homologous  to  cap5E  gene  of  Staphylococcus  aureus  Type  5  CPS  biosynthetic  loci 
(Dean  et  al.  1999).  Such  homology  is  not  surprising,  as  they  all  have  in  common  the 
presence  of  iV-Acetyl-L-fucosamine  residue  in  their  structures.  WbjB/Cap5E  are 
moderately  homologous  to  WbpM  of  P.  aeruginosa,  involved  in  UDP-A^-acetyl-D- 
fucosamine/quinovosamine  biosynthesis  from  UDP-D-GlcNAc.  Thus  it  is  the  first 
enzyme  in  the  fucosamine  pathway  and  is  involved  in  the  dehydration  and  epimerization 
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of  the  UDP-D-GlcNAc  (Creuzenet  and  Lam  2001).  The  NCBI/CDD  gave  an  aHgnment 
(83.8%,  NCBI/CD  COG0451)  with  WcaG,  which  belongs  in  a  family  of  nucleoside- 
diphosphate-sugar  epimerases,  members  of  which  are  involved  in  carbohydrate  transport 
and  metabolism.  WcaG  is  also  found  in  the  E.  coli  K-12  colanic  acid  with  fucose, 
glucose,  and  galactose  sugar  residues  and  isolates  with  group  2  capsules  (Stevenson  et  al. 
1996,  Whitfield  and  Paiment  2003). 

The  V.  vulnificus  wbjB  gene  is  followed  by  two  genes  with  homologies  to  wbJC  and 
whjD  of  P.  aeruginosa  01 1  strain  PA  103.  These  two  genes  are  homologues  of  cap5F  and 
cap5G  and  follow  cap5E  in  S.  aureus  group  5  CPS,  all  of  which  are  involved  in  the 
biosynthesis  of  0-antigen  and  capsule  respectively  (Kneidinger  et  al.  2003).  Knockouts 
of  cap5E  or  cap5G  resulted  in  acapsular  S.  aureus  mutants  (Warm  et  al.  1999,  Kneidinger 
et  al.  2003).  In  V.  vulnificus  M06-24/0  operon  a  homologue  (68%  identity,  81% 
similarity)  to  deduced  amino  acid  sequence  of  genes  whjD  was  present  but  not  wbjC  as 
seen  in  the  putative  L-FucNAc  biosynthesis  pathway.  WbjD  shows  homology  to  UDP- 
GlcNAc  2-epimerases  involved  in  the  biosynthesis  of  UDP-ManNAc,  yielding  a  mixture 
of  UDP-i,-PneNAc  and  UDP-l-FucNAc  (Kiser  et  al.  1999).  However,  a  gene  with 
homology  to  RmlD  (65%  identity,  78%  similarity)  replaced  wbjC  and  was  located 
between  wbjBy^  and  wbjDiy  in  V.  vulnificus  M06-24/0.  This  protein  catalyzes  the 
reduction  of  a  hexulose  intermediate  to  dTDP-L-rhamnose  (Kneidinger  et  al.  2003). 
Bacterioides  fragilis  NCTC9343  capsular  polysaccharide  B  (PS  B)  is  composed  of  the 
repeating  unit  [4)-L-QuipNAc(  1 3)-D-QuipNAc(  1 4)[-L-Fucp(  1 2)-D-GalpA(  1 3)-D- 
GlcpNAc(13)]-D-Galp(l],  which  lacks  l-FucNAc  or  L-PheNAc,  but  interestingly  also  has 
genes  highly  similar  to  wbjB  and  wbjD  of  P.  aeruginosa  serotype  Oil  that  flank  rmlD 
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(Coyne  et  al.  2000,  Kneidinger  et  al.  2003).  The  intervening  gene  replaces  wbjC, 
probably  because  there  is  no  fucosamine  present  in  the  CPS  of  the  V.  vulnificus  M06- 
24/0.  Substitution  of  wty'C  has  been  observed  before  in  clusters  containing  the 
whjB/cap5E/wbvB  and  wbjD/cap5G/wbvD  genes  (Kneidinger  et  al.  2003).  This  gene  is 
part  of  the  rmlA-D  pathway  of  dTDP-L-rhamnose  in  V.  cholerae  0-antigen.  L-rhamnose 
is  commonly  present  in  O  antigens  of  gram-negative  bacteria  and  capsular 
polysaccharides  of  gram-positive  bacteria  (Li  et  al.  2002).  dTDP-L-rhamnose  is  the 
activated  form  for  the  rhamnose  moiety  in  both  O  antigen  and  CPS  biosynthesis  (Li  et  al. 
2002).  The  synthesis  of  dTDP-L-rhamnose  from  D-glucose  1 -phosphate  is  catalyzed  by 
four  enzymes  encoded  by  rmlA,  rmlB,  rmlC,  and  rmlD  genes,  which  are  generally 
grouped  within  O  antigen  or  CPS  gene  clusters  and  present  always  when  rhamnose  is  in 
the  structure  (Bik  et  al.  1996,  Stroeher  et  al.  1998,  Li  et  al.  2002).  The  next  gene  in  the 
polymorphic  region  was  wbuBi\„  which  showed  homology  to  a  putative  L-fucosamine 
transferase,  WbuB.  in  the  O  antigen  gene  cluster  of  £.  coli  026  (51%  identity,  67% 
similarity)  (D'Souza  et  al.  2002).  The  026  O  antigen  contains  the  sugars  L-rhamnose  (l- 
Rha),  iV-acetyl-L-fiicosamine  (l-FucNAc)  and  jV-acetyl-D-glucosamine  (l-G1cNAc) 
(Manca  et  al.  1996).  They  suggested  that  it  is  responsible  for  the  linkage  a-L-FucNAc-(l- 
3)-  a-GlcNAc. 

The  last  four  genes  showed  homology  to  the  wbfT  (66  %  identity,  81%  similarity), 
wbfUi^Wo  identity,  90%  similarity),  wbfY (70%  identity,  82%  similarity)  and  wbfV 
(72%  identity,  84%  similarity),  respectively,  of  V.  cholerae  0139  O  antigen  biosynthesis 
(Yamasaki  et  al.  1999).  The  structural  configuration  of  the  sugar  moieties  of  0139  LPS 
contains  the  trisaccharide  GlcNAc-GalA-QuiNAc  (Yamasaki  et  al.  1999).  Interestingly, 
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Table  2.  Homologues  for  the  V.  vulnificus  genes  in  the  group  1  CPS  operon 


Gene 


Size 
(bp) 


Amino 

acid        Description 
identity'' 


Accession 
no. 


Species 
(reference) 


ORFX 

244 

100 

Function  unknown 

NP_759762 

V.  vulnificus 

CMCP6 

(Kim  et  al.  2003) 

wza 

1287 

100 

Periplasmic 
protein,  cps 
transport 

AAL09161 

V.  vulnificus 

M06-24 

(Wright  etal.  2001) 

HP 

212 

69 

Hypothetical 
protein 

AEO 16799 

V.  vulnificus 

CMCP6 

(Kim  et  al.  2003, 

Simpson  et  al. 

2000) 

wzb 

444 

98 

Protein-tyrosine- 
phosphatase 

NP_933132 

V.  vulnificus  YJOl 6 
(Chen  et  al.  2003) 

wzc 

2275 

92 

Putative  tyrosine- 
protein  kinase 

NP_759758 

V.  vulnificus 

CMCP6 

(Kim  et  al.  2003) 

wbpO/ 
wecC 

1323 

97 

UDP-N-acetyl-D- 

galactosamine 

dehydrogenase 

AAQ 17507 

V.  vulnificus 
(Park  et  al.  2003) 

wbpP 
(M'hqB) 

1079 

71 

(73) 

UDP-glucose-4- 
epimerase 

AAM27817 

(AA039691 

) 

P.  aeruginosa 
(Raymond  2002) 

wzx 

934 

22 

Putative 
involvement  in 
exopolysaccharide 

AAL32506 

Strep,  thermophilus 

(Broadbent  et  al. 

2003) 

HP 

419 

29 

Hypothetical 
transmembrane 
protein  with  signal 
peptide 

NP_864758 

Pirelula  sp. 

(Gloeckner  et  al. 

2003) 

HP 

1204 

29 

Glycosyl- 

transferase 

AAM22598 

V.  cholerae  037 
(Li  et  al.  2002) 

3g 


Table  2.  (Continued) 


Gene 

Size 
(bp) 

Amino 

acid 
identity'' 

Description 

Accession 
no. 

Species 
(reference) 

whdB 
waaG 
{rfaG) 

1227 

36 

Probable  mannosyl- 
transferase  B/ 
putative  glycosyl 
transferase 

AF_189151 

K.  pneumoniae 

(Shimizu  et  al. 

2002,  Merino  et 

al.,2000) 

wbjB/ 
wcaG 

1125 

85 

(75) 

Epimerase/ 
dehydratase 

1              ^    <f         -. 

AAM22595 
(AAF72954) 

V.  cholera  037 

(Li  et  al.  2002, 

Deanetal.  1999) 

rmlD 
wbjD 

923 
1159 

65 
66 

dTDP-4- 

dehydrorhamnose 

reductase 

UDP-N- 

acetylglucosamine 

2-epimerase 

Putative  L- 

AAM22596 

AAM27787 

V.  cholera  031 
(Li  et  al.  2002, 
Manrong  et  al. 

2002) 

P.  aeruginosa 

(Raymond,  2002, 

Deanetal.  1999) 

E.  coli  026 

wbuB 

1096 

51 

fucosamine 
transferase 

Probable  UDP- 

AAN60464 

(D'Souza  et  al. 
2002) 

V.  cholerae  0139 

wbfT 

964 

66 

galactose  4- 
epimerase 

BAA33610 

(Yamasaki  et  al. 
1999) 

wbfiJ 

552 

81 

Probable  galactosyl 
transferase 

BAA33641 

V.  cholerae  0139 
(Yamasaki  et  al. 

1999) 
V.  cholerae  0139 

wbfY 

1958 

70 
(97) 

Predicted 
nucleoside- 
diphosphate  sugar 
epimerase 

BAA33644 
(NP_759752) 

V.  vulnificus 

YJ016 

(Yamasaki  et  al. 

1999,  Chen  etal. 

2003) 
V.  cholerae  0\39 

wbfVI 
Ugd 

1194 

72 
(97) 

Predicted  UDP- 
glucose  6- 
dehydrogenase 

BAA33642 
(NP_759751) 

V.  vulnificus 

CMCP6 

(Yamasaki  et  al. 

1999, 
Kim  et  al.  2003) 

Identities  are  based  on  the  Protein  BLAST. 
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the  wbfV gene  also  exhibited  100%  alignment  (according  to  the  NCBI  Conserved  Domain 
Search)  with  Ugd  dehydrogenase  (COG  1004.1,  Ugd). 

Comparison  of  the  CPS  Operons  Among  Vibrio  Species 

In  late  1992  in  Bengal  a  novel  V.  cholerae  serogroup,  0139,  was  isolated  and 
literally  replaced  V.  cholerae  01  as  the  major  cholera  serogroup  (Stroeher  et  al.  1998).  V. 
cholerae  0139  serogroup  is  essentially  the  same  as  V.  cholerae  01  of  the  El  Tor  biotype 
with  the  acquisition  of  a  new  0-antigen  and  capsule  (Johnson  et  al.  1994,  Karaolis  et  al. 
1994,  Manning  et  al.  1995.  Bik  et  al.  1995,  Comstock  et  al.  1995,  Stroeher  et  al.  1995, 
Bik  et  al.  1996,  Comstock  et  al.  1996,  Stroeher  et  al.  1997,  Stroeher  and  Manning  1997). 
It  has  been  shown  that  the  01 39  LPS  can  be  described  as  semi-rough  as  it  appears  to 
have  only  a  single  0-antigen  repeat  unit  (Manning  et  al.  1995).  Furthermore,  V.  cholerae 
0139  has  been  reported  to  have  capsular  material  (Waldor  et  al.  1994)  and  produces  two 
colony  morphologies,  opaque  or  translucent,  as  is  seen  in  V.  vulnificus  M06-24  (Johnson 
et  al.  1994,  Weintraub  et  al.  1994). 

The  0-antigen  of  the  V.  cholerae  01  LPS  is  a  homopolymer  of  4-amino-4.6- 
dideoxy-mannose  (perosamine).  which  is  substituted  with  3-deoxy-glycero-tetronic  acid 
(tetroate)  (Kenne  et  al.  1 982).  The  LPS  also  contains  another  sugar  known  as 
quinovosamine.  This  sugar  is  found  in  a  ratio  of  approximately  1  to  20  compared  to 
perosamine  and  is  thought  to  either  cap  the  0-antigen  or  the  core  oligosaccharide. 
Quinovosamine  is  also  found  in  V.  cholerae  0139,  which  has  a  completely  different  O- 
antigen  composition  (Figure  2D)  (Stroeher  et  al.  1998),  and  in  the  CPS  of  V.  vulnificus 
M06-24  (Reddy  et  al.  1992).  The  sugars  found  in  the  LPS  of  V.  cholerae  0139  are 
primarily  colitose,  glucose,  heptose,  fructose,  glucosamine  and  quinovosamine  (Knirel  et 
al.  1995,  Preston  etal.  1995). 
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The  genetic  region  required  for  the  biosynthesis  of  the  V.  cholerae  0139  0-antigen 
is  the  r/b  operon  and  contains  the  insertion  sequence  IS  1358  (Manning  et  al.  1995, 
Stroeher  et  al.  1995.  Fallarino  et  al.  1997).  The  IS  1358  element,  previously  associated 
with  V.  vulnificus  CPS  expression  and  was  conserved  among  LPS  operons  of  other 
serotypes,  as  well  as  in  V.  anguilUarum.  Highly  conserved  regions  flank  the  0139  CPS 
region  and  are  homologous  to  LPS  loci  in  other  V.  cholerae  strains,  suggesting  that  V. 
cholerae  0139  arose  from  epidemic  01  El  Tor  strain  by  homologous  recombination  with 
DNA  from  a  non-pathogenic  donor  (Stroeher  et  al.  1998,  Sozhamannan  et  al.  1999).  As 
both  CPS  and  LPS  are  heterogeneous  among  most  V.  vulnificus  strains,  perhaps  lineages 
with  recombinant  CPS/LPS  loci  will  become  apparent  as  more  genomic  sequence  and 
polysaccharide  structure  become  available. 

IS  elements  were  previously  associated  with  CPS  genes  in  one  strain  of  V. 
vulnificus  (Smith  and  Seibeling  2003).  In  this  study,  several  IS  elements  were  linked  to 
CPS-related  genes,  and  variability  in  genomic  location  was  observed  between  translucent 
and  opaque  variants.  However,  the  relationship  of  these  loci  to  a  particular  operon  or  the 
relationship  of  IS  elements  to  CPS  gene  expression  was  not  demonstrated.  Our  sequence 
and  other  genomic  sequence  did  not  identify  any  IS  elements  associated  with  group  1 
loci,  but  the  possibility  exists  that  IS  elements  may  be  relevant  to  phase  variation  for 
other  types  of  CPS  operons  in  V.  vulnificus. 

Upstream  of  the  rfh  operon  the  JUMPstart  sequence  is  present,  described  by  Hobbs 
and  Reeves  (1994),  which  has  regulatory  function  (Bailey  et  al.  1997).  The  JUMPstart 
region  is  found  upstream  of  most  polysaccharides  and  not  surprisingly  was  upstream  of 
wza  in  V.  vulnificus  M06-24/0  (Wright  et  al.  2001).  Thus  in  V.  cholerae  0139  the 
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biosynthesis  of  the  capsular  material  and  the  LPS  occurs  at  the  same  region  and  both  are 
comprised  of  the  same  sugars,  their  only  difference  is  that  the  0-antigen  is  attached  to  the 
lipid  A-core  (Waldor  et  al.  1994).  The  surface  polysaccharide  biosynthesis  region  of  the 
V.  cholerae  0139  surface  polysaccharide  is  complex  as  is  also  seen  in  V.  vulnificus  M06- 
24.  Mutational  analysis  has  shown  that  there  are  some  genes  involved  in  both  capsule  and 
0-antigen  biosynthesis,  as  well  as  genes  specific  for  either  capsule  or  0-antigen  (Waldor 
et  al.  1994.  Comstock  et  al.  1995,  Stroeher  et  al.  1995,  Bik  et  al.  1996,  Stroeher  et  al. 
1997). 

Although.  V.  cholerae  0139  has  a  CPS  the  genes  for  the  translocation  and  surface 
assembly  were  different  from  those  seen  in  group  1  operons.  Additionally,  a  stretch  of 
highly  conserved  genes  is  located  on  the  3'  end  of  the  operon,  which  is  common  for  both 
V.  cholerae  01  and  0139  rfb  region.  WbfU  is  a  galactosyl  transferase,  WbeW  in  V. 
cholerae  01 ,  and  a  mutation  in  this  gene  affects  0-antigen  synthesis  (Fallarino  et  al., 
1997).  Stroeher  et  al.  (1998)  hypothesized  that  the  UDP-galactose,  which  is  produced  by 
wbfTmdi  whfW.  is  picked  up  by  one  of  the  putative  galactosyl  transferases  (WbfS  and 
WbfU)  and  gets  transferred  to  the  lipid  carrier,  bactoprenol.  Five  more  genes  were 
present  in  the  3'  of  the  01 39  operon,  wbfP,  wbfR  wbfV,  wbfiC,  and  wbfY,  which  were 
homologous  to  a  galactosyl  transferase  oiEr.  amylovora,  an  aspartame  synthetase  that  is 
found  in  a  number  of  species,  a  nucleotide  sugar  dehydrogenase  ofE.  coli  01 11  and  two 
proteins  with  unknown  functions,  respectively  (Stroeher  et  al.  1998).  WbfT.  WbfU, 
Wbff,  and  WbfV  were  present  and  highly  homologous  to  ORFs  that  were  also  located  at 
the  3'  end  of  the  group  1  CPS  operon  of  V.  vulnificus  M06-24. 
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Similarities  between  V.  vulnificus  M06-24  and  V.  cholerae  0139  biosynthetic 
regions  were  present  and  both  operons  had  genes  with  no  defined  regions  that 
corresponded  to  specific  biosynthetic  pathways.  Additionally,  multiple  distinct  genes 
with  similar  function  were  present  and  most  importantly  the  3'  end  between  them 
demonstrated  high  level  of  conservation.  It  could  be  hypothesized  at  this  moment  that  V. 
vulnificus  M06-24  could  have  served  as  one  of  the  donors  far  the  acquisition  of  the 
newly  acquired  CPS  genes  of  V.  cholerae  0139. 


CHAPTER  4 
RESULTS:  SPECIFIC  AIM  2 

Rationale  for  Study 

The  results  from  the  previous  chapter  allow  with  confidence  the  assumption  of  a 

group  1  operon  in  V.  vulnificus  M06-24/0  with  characteristic  conservation  of  the 

translocation  and  surface  assembly  genes  (wza,  wzb,  wzc).  These  results  in  combination 

with  the  preservation  of  the  wza  gene  in  multiple  V.  vulnificus  strains  (Wright  et  al.  2001) 

led  us  to  the  second  aim.  This  chapter  describes  various  studies  that  were  performed  in 

order  to  examine  the  level  of  conservation  of  the  genes  that  are  located  upstream  of  the 

biosynthetic  region.  To  achieve  such  a  task  V.  vulnificus  strains  were  obtained,  and  their 

translocation  and  surface  assembly  regions  were  sequenced.  Additionally,  sequence  from 

the  two  published  V.  vulnificus  genomes  in  the  GenBank  (Kim  et  al.  2003,  Chen  et  al. 

2003),  the  Vibrio  fisheri  genomic  sequencing  project'  and  the  prototype  for  group  1 

operons  in  E.  coli  were  available  and  were  all  included  in  the  analysis. 

Unique,  Species-Specific  Organization  of  V.  vulnificus  CPS  Translocation  and 

Surface  Assembly  Genes 

DNA  sequence  comparisons  of  the  organization  of  the  conserved  CPS  translocation 
and  surface  assembly  genes  for  V.  vulnificus  strains  revealed  genetic  structure  in  this 
region  of  the  operon  that  was  unique  to  the  species  (Figure  2).  Previously  described 
group  1  operons  in  other  species  exhibit  the  CPS  transport  genes,  wza,  wzb,  and  wzc  in 
uninterrupted  succession.  However,  in  V.  vulnificus  M06-24/0  wza  and  wzb  were 


'  http://ergo.integratedgenomics.com/Genomes/VFI 
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interrupted  by  an  open  reading  frame  encoding  a  hypothetical  protein  (HP),  and  flanking 
wzb  and  wzc  was  a  stretch  of  short  sequence  repeats  (SSRs)  identified  as  Rl  A,  RIB  and 
not  seen  in  other  group  1  operons  (Table  3).  Direct  repeats  in  positions  RIA  and  RIB 
contained  the  same  repeated  8-bp  sequence  (ACAGGACC)  in  V.  vulnificus  M06/0  and 
its  phase  variant  and  LC4/0.  The  number  of  the  RIA  and  RIB  repeating  units  differed 
among  the  strains  with  25  and  8  in  M06-24/0,  24  and  8  for  the  translucent  variant  of 
M06-24  and  23  and  10  for  the  O  variant  of  a  different  clinical  strain,  LC4,  respectively. 
An  additional  SSR  (R2)  was  observed  in  V.  vulnificus  M06-24/0  following  wzc  but 
differed  from  RIA  and  RIB  in  the  repeating  subunit,  7-bp  in  length  (CTAGAAC).  The 
number  of  repeating  units  did  not  differ  between  the  M06-24  phase  variants,  13  repeating 
units  in  both.  Unfortunately,  loss  of  conservation  that  characterizes  the  biosynthetic 
region  the  presence  and  the  number  of  repeating  units  for  R2  could  not  be  identified  for 
the  LC4  phase  variants. 

Published  V.  vulnificus  genomic  sequences  (BAC93101,  AAO09290)  from  strains 
CMCP6  and  YJ016  exhibited  homologous  organizafion  to  the  CPS  operon  of  V. 
vulnificus  M06-24/0  and  also  included  the  HP  and  the  repeats.  However,  RIA  (27 
repeating  units)  and  RIB  (14  repeating  units)  were  identical  in  the  sequence  of  the  SSRs 
but  were  only  present  in  the  CMCP6  and  not  the  YJ016  (Chen  et  al.  2003,  Kim  et  al. 
2003).  R2  sequences  were  also  present  in  the  genomic  sequences,  but  they  differed  from 
M06-24  in  the  number  and  in  the  location.  Strain  CMCP6  had  20  repeating  units  of  the 
R2,  but  did  not  follow  wzc,  instead  were  located  downstream  ofswecC  (Kim  et  al.  2003). 
Genome2,  YJ016  strain,  contained  two  copies  of  the  R2  repeating  unit  in  its  first 
chromosome.  The  first  was  located  5-Kb  upstream  from  the  conserved  genes  with  22 
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repeating  units  and  the  second  did  not  follow  m'zc  also  but  wecB,  with  only  5  repeating 

units.  Interestingly,  this  region  of  the  V.fischeri  genome  also  contained  an  intervening 

HP  between  wza  and  wzb  sequence  but  the  direct  repeats  were  not  present,  suggesting 

that  these  SSRs  are  specific  for  the  V.  vulnificus  species.  -    ■ 

Comparison  of  CPS  Operons  for  V.  vulnificus  Strains:  Identification  of  Three  Types 

of  Phase  Variants 

Opaque  and  translucent  phase  variants  of  different  V.  vulnificus  strains  were 
examined  for  sequence  divergence  in  the  CPS  operon.  Differences  in  DNA  sequence 
between  strains  M06-24  versus  LC4  in  the  DNA  coding  sequence  of  the  CPS 
translocation  and  surface  assembly  genes  {wza,  wzb,  wzc)  showed  considerable  variability 
that  was  not  expected  for  conserved  genes.  For  example  over  1 00  bp  and  1 5  amino  acid 
substitutions  were  observed  in  wzc  between  M06-24/0  and  LC4/0  strains  (Table  4). 
DNA  sequence  identity  ranged  from  95  to  1 00%  for  the  5  ORFs,  as  shown  at  this  locus. 
On  the  other  hand,  near  DNA  sequence  identity  ranging  from  99  to  100%  of  individual 
coding  sequences  between  phase  variants  of  M06-24  strain  was  noted.  However,  DNA 
sequencing  identified  three  distinct  genotypes  associated  with  phase  variation,  which 
were  designated  Tl.  T2,  and  T3.  As  described  below,  multiple  base  substitutions  were 
observed  in  Tl,  and  deletion  mutations  were  observed  for  T2  and  T3  phase  variants. 

As  shown  in  Table  4,  translucent  variant  M06-24/T1  was  very  similar  to  the 
opaque  parent  strain  in  the  translocation  and  surface  assembly  gene  region  and  differed 
by  6  bases  overall  in  the  coding  regions  of  the  conserved  CPS  genes,  resulting  in  2  amino 
acid  substitutions  in  Wza.  Thus,  although  Tl  exhibits  minor  gene  rearrangement  in 


46 


CO 

C 

^ 

-o 

(D 

<L> 

O 

C3 

c 

U 

D 

D. 

3 

m 

cr 

^ 

<u 

^ 

C/2 

o 

.-^ 

L. 

'c 

(U 

3 

X) 

E 

p 

Z 

^ ^ 

< 

< 

(N 

a 

a: 

< 

u. 

b 

u 

->»— ' 

CQ 

^^ ^ 

u 

Oi 

< 

o 

o 

< 

< 

u 

ai 

< 

-o 

O 
g 

O 


C 

o 

La 
(U 
D. 
O 


D. 

3 
O 

bo 

(*- 
o 


X) 

C3 


C3 
> 


OJ 

c 

o 


I 

O 


3 


oo 


I 

O 


o 


s 


U 

1 

1 

o 

^ 

2 

^ 

U 

1 

o 

N 

N 

N 

I 

1 

1 

1 

03 

1 

CQ 

1 

i-« 

,—1 

<— 1 

^ 

Oi 

c< 

-c 

1 

-C5 

t 

y 

N 

N 

^ 

2: 

^ 

< 

1 

< 

1 

< 

t-^ 

^i^ 

^1^ 

1 

ai 

Dd 

1 

a. 

(X 

O- 

3: 
1 

X 
1 

X 
1 

1 
5 

1 

1 

!3 

N 

£^ 

N 

s 

s 

S 

U 


"^   E 


:x     :i: 


I 

U 
o 

(N 

I 

m 

o 

I 

o 


-o 

g 


a, 

X 
I 

I. 


5: 


Q 
M 


CU 

X 
I 


^ 
^ 


5 

I 

< 

5 

I 

a. 
X 


I 


oj 


I 
CL 

X 
I 


N 

5: 

I 
(X 

X 
I 


I 

t 

N 


0 

ON 

0 

ON 

c/5 

ON 

0 

'"^ 

^ 

0 

E 

0 

c 

t: 

0    r-l 

r^  0 

0 

0) 
00 

0 

>-  0 

hJ 

J 

u  ;::^ 

•a 

^    O) 

^ 

^ 

«  ti. 

c 

a  _: 

a 

s 

c3 

0     CS 

-^ 

1^ 

**" 

T3 

tl 

c' 

^ 
c 

.inte 
mes 

•>;      C 

^^ 

"*-^ 

0 

^^*       -4— » 

s    <u 

s 

s 

,'^ 

0   0 

0      "S 

>    ^ 

> 

> 

^ 

00  c 

0  :^ 

^^ 


:x 


^" 


t*j 


c 

> 

u 

u 


c 
o 

o 

a, 
U 


c 
<u 

-4-^ 

(U 

o 

c 
u 

3 

a" 

D 
en 


X) 

OJ 

-4—*     > 


C 
3 

ao 

-4— » 

1) 
Q. 
(U 


=  O 

C  (i> 

O  O 

•z:  c 

D  00 

3  X 


47 

ORFX  and  wza.  the  operon  appears  to  be  intact.  The  putative  promoter  region  upstream 
ofwza  was  divergent  between  M06-24/0  and  phase  variant  M06-24/T1.  As  CPS  is  still 
expressed  in  Tl  strains,  we  hypothesized  that  expression  was  somehow  down-regulated 
by  genetic  mutations  in  the  CPS  locus.  Alternatively  reduced  expression  could  be  due  to 
mutations  in  regulatory  regions  outside  of  the  CPS  operon  or  to  post-translational  events, 
such  as  up-regulation  of  CPS  degradative  enzymes. 

Down-regulation  of  CPS  in  E.  coli  was  postulated  to  result  from  loss  of  tyrosine 
phosphorylation  sites  in  wzc.  There  were  6  tyrosine  residues  in  mtcw  of  V.  vulnificus 
M06-24/0  compared  to  seven  in  E.  coli.  However,  1 00%  DN A  identity  was  observed  for 
wzb  and  wzc  between  M06-24/0  and  Tl ;  therefore,  this  mechanism  could  not  account  for 
down-regulation  of  CPS  in  V.  vulnificus.  RFLP  comparison  of  PCR  amplicons  from  the 
downstream  biosynthetic  region  of  the  CPS  operon  also  did  not  detect  any  large  deletions 
or  rearrangements  in  the  genetic  structure  (Figure  3).  Thus,  divergence  within  the  CPS 
operon  did  not  explain  the  Tl  genotype,  and  the  genetic  basis  for  M06-24  phase 
variation  cannot  be  assigned  thus  far. 

However,  translucent  LC4  (T2)  also  diverged  from  the  opaque  parent  strain 
(LC4/0)  in  the  number  and  location  of  repeated  units  for  Rl  A  and  RIB  regions  (Table 
3).  Thus,  the  LC4/T2  deletion  encompassed  not  only  a  440-bp  segment  that  included  the 
entire  wzb  gene  but  also  removed  part  of  the  Rl  SSR  repeating  units,  reducing  the  total 
number  of  repeated  subunits  from  33  to  12.  PCR  amplification  confirmed  this  deletion  in 
a  number  of  translucent  isolates  (Figure  4).  It  was  hypothesized  that  this  deletion  was 
responsible  for  the  phase  variation  in  T2  isolates  and  was  mediated  the  Rl  direct  repeats 
flanking  this  gene. 
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Figure  4.  PCR  Analysis  of  CPS  transport  genes  in  V.  vulnificus  phase  variants 

PCR  ampiicons  derived  from  primers  that  spanned  the  region  transport  region  of 
the  CPS  operon.  as  described  in  materials  and  methods.  Approximate  band  sizes 
are  derived  from  DNA  standards  (not  shown).  Opaque  variants  of  M06-24  (lane 
1)  and  LC4  (lane  3),  and  their  corresponding  translucent  variants  (lane  2  and  4, 
respectively). 

Strain  345/T  is  an  environmental  isolate  that  was  originally  isolated  as  a  translucent 

variant.  This  strain  was  negative  by  PCR  for  the  entire  wza-wzb-wzc  region  but  was 

positive  for  the  vvhA  gene  encoding  the  species-specific  hemolysin  gene  of  V.  vulnificus 

(Jones  et  al.  2004).  These  results  suggested  that  this  strain  may  have  extensive  deletions 

that  removed  the  entire  CPS  transport  locus.  Alternatively,  this  strain  may  be  negative  for 

the  entire  group  1  operon  or  possesses  a  non-group  1  CPS  operon,  which  does  not  contain 

the  wza-wzb-wzc  region.  For  example,  Zuppardo  and  Siebeling  (1998)  identified  genes 

required  for  CPS  expression  in  V.  vulnificus  1003  that  were  not  common  to  any  of  the 

group  1  operons  described  herein.  Therefore,  it  was  hypothesized  that  T3  isolates  may 

represent  multiple  deletions  that  eliminate  CPS  expression.  Supporting  that  hypothesis 
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was  the  presence  of  multiple  R2  regions  flanking  the  entire  CPS  transport  region  in  V. 
vulnificus  YJ016,  suggesting  that  more  extensive  deletions  are  mediated  by  the  tandem 
R2  repeats. 

Phenotypic  Characterization  of  the  Different  Phase  Variants 

Previous  examination  of  V.  vulnificus  M06-24/T  (Tl)  indicated  that  this  strain  still 
expressed  capsule,  but  that  CPS  expression  was  reduced  or  otherwise  impaired  (Wright  et 
al.  1999).  Immunoelectron  microscopy  (lEM)  showed  a  patchy  capsule  that  did  not 
completely  encase  these  strains,  and  reduced  CPS  expression  was  also  confirmed  by  flow 
cytometry  using  monoclonal  antibody  (Wright  et  al.  1999).  This  report  differed  from 
other  studies  that  had  indicated  translucent  V.  vulnificus  variants  were  completely  devoid 
of  capsule  (Yoshida  et  al.  1985).  Therefore,  the  phase  types  (Tl,  T2,  and  T3)  described 
above,  were  examined  for  CPS  expression  using  electron  microscopy.  As  shown  in 
Figure  5A,  Tl  genotype  (M06-24/T1)  was  confirmed  to  express  some  CPS,  but  as 
expected  deletion  mutant  T2  (Figure  5D)  strain  appeared  completely  acapsular.  The  T2 
phenotype  was  also  identical  in  appearance  by  EM  to  transposon  mutant  CVD752,  which 
was  previously  shown  to  be  acapsular  by  both  IBM  and  flow  cytometry  (Wright  et  al. 
1999,  2001).  The  second  deletion  mutant,  345/T  (T3)  demonstrated  the  same 
characteristics  as  T2. 

Previous  studies  have  demonstrated  reversible  phase  variation  for  M06-24  from 
either  0-T  or  T-0  at  a  rate  of  about  10"^  to  10"^  (Wright  et  al.  1990).  Thus,  spontaneous 
Tl  revertants  recovered  by  opaque  colony  morphology  showed  increased  CPS  expression 
and  virulence  phenotype.  Conditions  that  enhance  the  rate  of  phase  variation 
demonstrated  that  Tl  strain  was  quite  unstable,  reverting  at  high  frequency  as  indicated 
by  sectored  colonies  (.Tones  et  al.  2004).  On  the  other  hand.  T2  and  T3  strains,  as 
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expected,  were  stable  in  the  translucent  phase,  presumably  due  to  the  consequence  of 
gene  deletion.  Thus,  these  studies  demonstrated  that  the  differences  in  translucent 
phenotypes  corresponded  to  the  different  genotypes. 


I 


A)  IV106/0 


C)  LC4/0 


Figure  5.  Electron  micrographs  of  V.  vulnificus  strains  and  phase  variants 

Negatively  stained  V.  vulnificus  strains:  A),  C)  Encapsulated  M06-24/0  and 
LC4/0  strains,  respectively  and  B),  D)  Tl  variant  of  M06-24/0  and  T2  variant 
of  LC4/0,  respectively. 


CHAPTERS 

RESULTS:  SPECIFIC  AIM  3      '    ■    • 

■«'■ , .. 
Rationale  for  Study  '  v 

Aim  3  proposed  the  examination  of  phase  variant  pairs  of  various  V.  vulnificus 
strains  in  order  to  identify  mechanism  of  phase  variation.  The  targets  for  this  attempt 
were  the  translocation  and  surface  assembly  genes  of  the  highly  conserved  region  of  the 
CPS  operon.  Nucleotide  sequence  and  protein  alignments  in  that  region  might 
demonstrate  differences  that  could  account  for  the  phase  variation  phenomenon  seen  in  V. 
vulnificus.  Differences  throughout  the  entire  CPS  operon  could  exist  that  could  harbor 
valuable  information  about  phase  variation  mechanisms,  but  loss  of  conservation  that 
characterizes  the  3'  termini  of  the  CPS  operon  makes  such  a  task  impossible  to 
accomplish  at  this  point  (other  than  the  RFLP  analysis  performed  in  the  previous  chapter 
for  M06-24  phase  variants).  This  is  the  region  that  contains  the  CPS  biosynthetic  genes, 
which  vary  according  to  the  repeating  units  of  the  various  capsular  types.      "" 

V  - 

Alignment  of  M06-24/0  Phase  Variants  in  the  Putative  Promoter  Regions 

As  shown  in  Figure  6,  the  previously  identified  (Wright  et  al.  2001)  putative  -    ■:, 
promoter  differed  between  the  M06-24/0  and  Tl  by  one  base  at  the  -10  region  (from 
TAATAT  to  TAATAA,  respectively).  As  both  promoters  have  a  non-ideal  spacer  length 
(18  bp)  and  -35  region  (TTGTGC),  differences  at  this  highly  conserved  site  (82%)  may 
imply  reduced  promoter  strength  (Doree  and  Mulks  2001).  Tl  also  exhibited  three 
additional  substitutions  that  created  a  stretch  of  6  adenine  bases  just  downstream  of  the 
promoter  region. 
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M06-24/T:  301   taatgcgatttttttcatgattattcctttgtatatatacgttttcaaacatcgatgtcg  360 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
M06-24/0:  515   taatgcgatttttttcatgattattcctttgtatatatacgttttcaaacatcgatgtcg  574 

M06-24/T:  361   gaactttaatagctccggtgtttattttaggtagaatttggAcggaatgtaaacaattag  420 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  11  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
IM06-24/0:  575   gaactttaatagctccggtgtttattttaggtagaatttgggcggaatgtaaacaattag  634 

M06-24/T:  421   ttgtagctgcaAcgatgtgaatttatggtttttatctcattgatagtaccgtttgcttag  480 

I  I  I  I  I  I  I  I  J  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
JM06-24/0:  635   ttgtagctgcagcgatgtgaatttatggtttttatctcattgatagtaccgtttgcttag  694 

-35  -10 

*****  **• 

|M06-24/T:  481   caaaaacaattgtgctctaagccacaatatggataataAccgcccatAaAAaatattaat  540 

I  I  I  M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   I  I  I  I  I  I  I  I  I 
|M06-24/0:  695   caaaaacaattgtgctctaagccacaatatggataatatccgcccatgattaatattaat  754 
*****  *  *   ** 

OrfX 

► 

|M06-24/T:  541   aatgacacaatactcagtGgtgtcataaaacgtcagtactttgttgcagcaagccattag  600 

I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
M06-24/0:  755   aatgacacaatactcagt-gtgtcataaaacgtcagtactttgttgcagcaagccattag  813 
► 

ops 


|M06-24/T:  601  agctattgcgcagcaaattgtcccagcgctatgtggttttgcgtgcttaccaaagggcgg  660 
M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  J  I  I  I  I  j  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  M  I  I  I  I  I  I 

|M06-24/0:  814  agctattgcgcagcaaattgtcccagcgctatgtggttttgcgtgcttaccaaagggcgg  873 
. ^ 


M06-24/T:  661   tagcgtgtcaaaaaagccacaaatatgggtggaaaaccacacttttaacgggttcttaca  720 

I  I  I  M  I  I  I  I  M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
M06-24/0:  874   tagcgtgtcaaaaaagccacaaatatgggtggaaaaccacacttttaacgggttcttaca  933 


|M06-24/T:  721   ttttcttacgttcagttagcgtagaatgttgtgcgaagctgcttaaaatcgcagtcagtg  780 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
|M06-24/0:  934   ttttcttacgttcagttagcgtagaatgttgtgcgaagctgcttaaaatcgcagtcagtg  993 


M06-24/T:  781  tgggagctaggctataaagtatagttaaatgcggttaaggaaaacgcctttaactatgtt  840 
M  I  I  I  M  M  I  I  I  I  M  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

|M06-24/0:  994  tgggagctaggctataaagtatagttaaatgcggttaaggaaaacgcctttaactatgtt  1053 
► 

wzavy 


|M06-24/T:  841  gaatacctatgctttcaaaagcgttagaaagaaatggtgttcaatcgaacctttgctcat  900 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  !  I  I  I  I  I  I  I  I  I  M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  M  M  I  I  I 
|M06-24/0: 1054  gaatacctatgctttcaaaagcgttagaaagaaatggtgttcaatcgaacctttgctcat  1113 

. ^ 


Figure  6.  Sequence  comparison  of  the  5'  region  of  the  CPS  locus  for  V.  vulnificus 

Putative  promoter  region  is  shown  in  boldface,  and  locations  of  10  and  35  sites 
are  indicated  above  coding  sequence  with  asterisks  over  highly  conserved 
nucleotides  (Hobbs  and  Reeves  1994).  The  ''JUMPstart"  region  is  underlined, 
and  the  ops  element  is  doubly  overlined. 
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However,  none  of  the  differences  between  M06-24  phase  variants  could  account 
for  the  observed  Tl  phenotype  because  sequences  from  opaque  strains  other  than  M06- 
24/0  were  identical  to  the  Tl  promoter.  A  single  base  deletion  within  ORFX  or  Tl 
produced  a  frame-shift  mutation  that  was  not  present  in  M06-24/0.  It  should  be  noted 
that  ORFX  contains  an  ops  element,  which  is  part  of  a  larger  "JUMPstart"  region  that  has 
been  shown  to  function  as  an  anti-terminator  in  E.  coli  CPS  (Gentz  and  Bujard  1985, 
Hobbs  and  Reeves  1994).  The  wzi  gene  encoding  a  CPS  anchor  is  located  at  this  site  in  E. 
coli  and  K.  pneumoniae,  but  exhibited  no  homology  to  V.  vulnificus  ORFX.  Other 
differences  between  M06-24/0  and  Tl  included  two  amino  acid  substitutions  in  wza.  To 
date,  anti-terminator  components  for  V.  vulnificus  CPS  operon  and  the  function  of  the 
ORFX  gene  product  have  not  been  determined,  and  further  studies  to  characterize  these 
elements  and  identify  functional  promoters  are  needed. 

Phase  Variation  Mechanism  for  LC4/T2 

The  presence  of  SSRs  (SSRIA.  SSRIB)  that  were  flanking  wzb  and  the  deletion  of 
the  wzb  gene  in  V.  vulnificus  LC4/T2  phase  variants  suggested  that  the  repeats  could  be 
responsible  for  the  phase  shift.  Therefore,  complementation  studies  were  performed  to 
introduce  the  intact  M-zh  gene  without  (pWZBl)  or  with  upstream  sequence  (pWZB3.6) 
into  wz^-deleted  LC4/T2  phase  variant.  The  pWZBl  construct  consisted  of  the  SSRIA 
and  the  whole  wzb  gene,  in  contrast  the  pWZB3.6  construct,  contained  additionally  the 
upstream  operon  promoter,  ORFX,  and  the  wza  gene.  Both  constructs  were  introduced 
into  conjugation  competent  E.  coli  SI 7-  A.pir  (Simon  et  al.  1983).  Complemented  LC4/T2 
strains  were  screened  for  opacity. 
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The  complemented  mutants  demonstrated  opaque  colony  morphology,  whether  the 
pWZBl  or  the  pWZB3.6  was  introduced,  indicating  that  wzb  was  able  to  complement  the 
defect  in  trans.  Additionally,  reversion  to  the  opaque  phenotype  by  the  introduction  of 
the  wzb  gene  alone  implies  that  the  upstream  genes  were  functional  and  confirmed  the 
role  of  this  gene  in  phase  variation.  The  wzb  gene  was  cloned  from  both  M06-24/0  and 
LC4/0,  and  both  copies  were  found  to  complement  T2.  Conversely,  complementation  of 
these  constructs  into  M06-24/T1  did  not  result  in  recovery  of  opaque  phenotype,  and 
transconjugates  remained  translucent.  Thus,  complementation  analysis  determined  that 
the  LC4/0  phase  shift  to  T2  was  a  result  of  a  specific  mutation  at  this  locus. 

Complementation  studies  also  confirmed  the  role  of  wzb  in  CPS  expression.  Wzb 
was  previously  proposed  to  contribute  to  CPS  translocation  to  the  cell  surface,  but 
ftinctional  analysis  was  not  available.  Wzb  in  E.  coli  was  shown  to  be  the  cognate 
phosphatase  for  Wzc,  and  Wugeditsch  et  al.  (2001)  hypothesized  that  cycles  of 
phosphorylation  and  dephosphorylation  may  be  required  for  CPS  to  be  expressed  in  E. 
coli.  However,  the  wzb  gene  function  was  not  confirmed.  Therefore,  complemented 
mutants  of  LC4/T2  were  also  examined  by  electron  microscopy  (Figure  7).  These  strains 
were  found  to  express  CPS  equivalent  to  the  opaque  parent  strain,  which  confirmed  that 
wzb  is  required  for  CPS  expression  on  the  cell  surface. 

The  wzb  gene  in  V.  vulnificus  was  flanked  by  two  regions  of  repetitive  DNA 
segments,  consisting  of  multiples  of  an  8-bp  repeat  which  has  identical  sequence  in  both 
sets  but  differs  in  the  number  of  repeats.  We  hypothesize  that  these  repeats  may  function 
to  facilitate  the  rate  of  recombination  and  play  a  role  in  the  deletion  responsible  for  T2 
translucent  phenotype  in  avirulent  strains. 
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Figure  7.  Electron  micrographs  of  complemented  V.  vulnificus  LC4/T2 

Negatively  stained  V.  vulnificus  strains:  A)  acapsular  wzb-deleted  LC4/T2,  B) 
complemented  LC4/T2  with  pWZBl  plasmid  from  M06-24/0  and,  C) 
complemented  LC4/T2  with  pWZBl  plasmid  from  LC4/0 

SSRs  have  been  reported  to  promote  phase  variation  through  slipped-strand 

mispairing.  When  repeats  precede  a  gene  in  the  promoter  region,  transcription  is 

influenced  via  the  effects  of  variable  length  within  the  SSR  on  the  strength  of  the 

promoter  (Henderson  et  al.  1999).  Alternatively,  they  may  be  found  within  the  gene,  and 

variation  results  in  alteration  of  the  translational  reading  frame  (Chandler  and  Fayet  1993, 

van  Belkum  et  al.  1 998).  In  the  case  of  V.  vulnificus  none  of  the  above  applies  due  to  the 

location  of  the  repeats.  They  were  neither  located  after  the  initiation  codon  of  a  gene,  nor 
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were  they  located  in  the  promoter  region  (ORFX).  Thus,  the  only  hypothesis  that  can  be 
made  at  this  point  is  that  the  repeats  are  flanking  the  conserved  CPS  gene,  wzb,  may 
facilitate  a  deletion  event  causing  the  excision  of  the  entire  gene  in  the  LC4/T2  phase 
variant. 


CHAPTER  6 
SUMMARY  AND  CONCLUSIONS 

Organization  of  a  Group  1-like  CPS  Operon  in  V.  vulnificus 

The  genetic  organization  of  the  V.  vulnificus  M06-24/0  CPS  operon  was 
homologous  to  group  1  CPS  operons  originally  described  in  E.  coli  (Drummelsmith  and 
Whitfield  1999).  Genes  {wza-wzb-wzc)  required  for  translocation  and  assembly  of  CPS  to 
the  cell  surface  in  E.  coli  are  considered  indicative  of  group  1  operons,  as  they  are  shared 
by  many  gram-negative  bacteria  with  this  type  of  CPS  (Arakawa  et  al.  1991,  Rahn  et  al. 
1999,  Whitfield  and  Paiment  2003).  Transport  genes  generally  localize  to  the  5'  region  of 
E.  coli  group  1  operons  and  are  followed  by  polymorphic  biosynthetic  genes,  which  are 
all  expressed  as  a  single  transcript  (Whitfield  and  Roberts  1 999).  The  presence  and 
organization  of  these  genes  confirmed  the  identity  of  the  V.  vulnificus  operon.  A 
previously  described  putative  promoter  (Wright  et  al.  2001 )  upstream  of  ORFX  (Orfl) 
and  Rho-independent  transcriptional  terminator  (not  shown)  at  the  terminus  of  the 
polymorphic  region  defined  the  limits  of  the  V.  vulnificus  group  1  operon. 

Interestingly,  a  high  level  of  conservation  was  observed  in  both  5'  and  3'  regions  of 
the  CPS  operons  among  various  strains  of  V.  vulnificus.  Comparisons  of  V.  vulnificus 
M06-24/0  CPS  operon  with  genomic  sequence  of  CMPC6  and  YJ106  revealed  that 
genes  responsible  for  translocation  and  surface  assembly  of  CPS  were  highly  conserved, 
identities  were  higher  than  90%  for  wza,  wzb,  and  wzc  genes.  Genes  with  reported  or 
proposed  biosynthetic  function  were,  as  expected,  mostly  polymorphic.  This  divergence 
probably  reflected  the  diversity  of  polysaccharide  structures  that  has  been  observed  for 

59 


60 

this  species  (Hayat  et  al.  1993).  However,  similarities  among  strains  were  observed  in 
some  genes  from  this  usually  polymorphic  region.  For  example,  all  V.  vulnificus  CPS 
operons,  for  which  complete  sequence  was  available,  contained  M'tfYand  wbfV 
homologues  (97  %  deduced  amino  acid  identity)  at  the  3'  termini.  This  conservation  of 
genetic  structure  may  indicate  conserved  evolution  of  the  V.  vulnificus  CPS  operons. 
Comparison  of  CPS  Operons  Among  Vibrio  Species 

Vibrio  cholerae  is  also  a  member  of  the  Vibrionaceae  family  and  has  been  involved 
in  8  pandemics  throughout  the  world.  Cholera  is  characterized  by  massive  fluid  loss  that 
can  lead  to  shock,  organ  failure  and  often  death.  There  are  multiple  defined  serogroups  of 
V.  cholerae,  and  until  1992  only  V.  cholerae  01  was  recognized  as  a  major  human 
pathogen.  However,  in  late  1992  in  Bengal  a  novel  V.  cholerae  serogroup  (0139)  was  • 
isolated  and  literally  replaced  V.  cholerae  01  as  the  major  cholera  serogroup  (Stroeher  et 
al.  1998).  V.  cholerae  0139  serogroup  is  essentially  the  same  as  V.  cholerae  01  of  the  El 
Tor  biotype  with  the  acquisition  of  a  new  0-antigen  and  capsule  (Johnson  et  al.  1994, 
Karaolis  et  al.  1994.  Manning  et  al.  1995,  Bik  et  al.  1995.  Comstock  et  al.  1995,  Stroeher 
et  al.  1995.  Bik  et  al.  1996,  Comstock  et  al.  1996,  Stroeher  et  al.  1997,  Stroeher  and 
Manning  1997). 

V.  cholerae  0139  serotype  emerged  from  the  V.  cholerae  01  by  a  relatively  precise 
replacement  in  the  LPS  operon  of  the  original  V.  cholerae  01  rfij  region  with  0139- 
specific  genes.  The  0139  LPS  can  be  described  as  semi-rough  as  it  has  only  a  single  O- 
antigen  repeat  unit  (Manning  et  al.  1995).  Furthermore,  V.  cholerae  0139  has  capsular 
material  (Waldor  et  al.  1 994)  and  produces  two  colony  morphologies  (opaque  or 
translucent)  as  is  seen  in  V.  vulnificusM06-24  (Johnson  et  al.  1994,  Weintraub  et  al. 
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1994).  The  rfh  operon  of  V.  cholerae  0139  0-antigen  also  contains  the  insertion 
sequence  IS] 358  element  (Stroeher  et  al.  1995,  Manning  et  al.  1995,  Fallarino  et  al. 
1997).  \S1358  element  has  also  been  associated  with  V.  vulnificus  CPS  expression  and 
was  conserved  among  LPS  operons  of  other  V.  cholerae  serotypes,  as  well  as  in  V. 
anguilllarum.  Upstream  of  the  start  of  r/&  operon  in  V.  cholerae  was  the  JUMPstart 
sequence  described  by  Hobbs  and  Reeves  (1994),  which  has  regulatory  function  (Bailey 
et  al.  1997).  The  JUMPstart  region  is  found  upstream  of  most  polysaccharides  and  not 
surprisingly  was  upstream  of  ORFX  in  V.  vulnificus  M06-24/0  (Wright  et  al.  2001). 

The  0-antigen  of  the  V.  cholerae  01  LPS  is  a  homopolymer  of  perosamine,  which 
is  substituted  with  tetroate  (Kenne  et  al.  1982).  V.  cholerae  01  LPS  also  contains 
quinovosamine  and  is  found  in  a  ratio  of  approximately  1  to  20  compared  to  perosamine. 
V.  cholerae  0139  has  a  completely  different  0-antigen  composition,  but  quinovosamine 
is  also  found  in  the  LPS  (Stroeher  et  al.  1998)  and  in  the  CPS  of  V.  vulnificus  M06-24/0 
(Reddy  et  al.  1992).  The  sugars  found  in  the  LPS  of  V.  cholerae  0139  are  primarily 
colitose.  glucose,  heptose.  fructose,  glucosamine  and  quinovosamine  (Knirel  et  al.  1995, 
Preston  et  al.  1995).  In  V.  cholerae  0139  genes  for  the  biosynthesis  of  the  capsular 
material  and  the  LPS  localize  to  the  same  region,  and  these  polysaccharides  differ  only  in 
that  the  0-antigen  is  attached  to  the  lipid  A-core  (Waldor  et  al.  1994).  The  surface 
polysaccharide  biosynthesis  region  of  the  V.  cholerae  0139  operon  is  complex,  and 
mutational  analysis  has  shown  that  there  are  some  genes  involved  in  both  capsule  and  O- 
antigen  biosynthesis,  while  other  genes  are  specific  for  either  capsule  or  0-antigen 
(Waldor  et  al.  1994,  Comstock  et  al.  1995,  Stroeher  et  al.  1995,  Bik  et  al.  1996). 
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A  stretch  of  genes  that  is  located  on  the  3'  end  of  the  operon  are  common  for  both 
V.  cholerae  01  and  0139  r/&  region.  Additionally,  a  cluster  of  four  highly  conserved 
genes  {wbfT,  wbfU,  wbJY,  and  wbfV)  were  at  the  end  of  the  operons  in  both  V.  vulnificus 
M06-24  and  V.  cholerae  0139.  Two  of  these  genes  {wbfV' and  wbJY)  were  present  in  the 
same  location  in  all  strains  of  V.  vulnificus.  Southern  hybridizations  with  wbfW/wbfK 
gene  probes  previously  demonstrated  that  homologous  DNA  is  present  in  a  wide  number 
of  non-01  V.  cholerae  strains  and  a  variety  of  non-cholera  Vibrios  (Comstock  et  al. 
1995).  Thus,  multiple  distinct  genes  with  similar  structure  and  high  level  of  conservation 
are  probably  present  at  the  3'  end  of  many  Vibrio  spp.  As  both  CPS  and  LPS  are  mostly 
heterogeneous  among  V.  vulnificus  strains,  perhaps  lineages  with  recombinant  CPS/LPS 
loci  will  become  apparent  as  more  genomic  sequence  and  polysaccharide  structure 
become  available.  Also,  it  could  be  hypothesized  that  V.  vulnificus  group  1  operons  could 
have  served  as  one  of  the  donors  for  the  acquisition  of  the  newly  acquired  CPS  genes  of 
V.  cholerae  0\39. 

Translucent  Phase  Variants  Exhibit  Multiple  Genotypes 

The  CPS  operon  of  V.  vulnificus  was  composed  of  conserved  and  variable  regions, 
but  variation  within  the  conserved  region  accounted  for  differences  in  the  genotypes  of 
phase  variants.  Three  distinct  genotypes  (Tl,  T2,  and  T3)  were  found  to  be  associated 
with  phase  variation.  Tl  (M06-24/T)  exhibited  an  intact  CPS  with  reversible  phase 
variation  at  a  rate  of  10"^  to  10"^  (Wright  et  al.  1990)  and  expressed  some  CPS  on  its 
surface.  T2  (LC4/T)  was  locked  to  the  translucent  phenotype  and  was  unable  to  produce 
opaque  colonies.  It  was  also  devoid  of  capsule,  which  was  attributed  to  the  deletion  of  a 
conserved  gene,  wzb.  Deletion  mutations  may  also  be  responsible  for  phase  shift  to  T3 
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translucent  phenotype  and  involved  another  set  of  SSRs  within  and  upstream  of  the 
operon,  but  the  extent  of  this  mutation  is  not  yet  defined. 

Although  the  Tl ,  T2,  T3  genotypes  presented  in  this  study  are  only  observed  in 
single  isolates  of  different  strains,  preliminary  data  indicated  that  all  genotypes  are 
common  to  most  strains  of  V.  vulnificus.  We  have  found  that  certain  growth  conditions 
affect  the  phase  variation  rate  and  increased  the  appearance  of  the  translucent  variant 
(Jones  et  al.  2004).  Late  stationary  phase  cultures  of  M06-24/0  (7  days)  demonstrated 
translucent  colonies  which  exceeded  50%.  When  Tl  cultures  were  returned  to  nutritive 
media  (LB).  <50%  of  Tl  isolates  remained  translucent  compared  to  100%  of  T2  isolates. 
Given  that  there  are  no  genotypic  differences  in  the  CPS  region  between  opaque  and  Tl, 
and  the  fact  that  Tl  variants  do  have  some  capsule  on  the  surface  of  the  cell,  introduction 
to  a  nutritive  medium  may  relieve  environmental  stressors  that  were  responsible  for  the 
original  phase  switch.  In  addition,  phase  variation  between  O  and  Tl  apparently  involves 
a  downshift  in  regulation  of  gene  expression  rather  than  elimination  of  capsule.  On  the 
other  hand,  T2  variants  have  the  entire  M'zb  gene  deleted  from  their  chromosome,  which 
eliminated  capsule  expression,  and  presumably  that  deletion  event  prevented  reversion  to 
opaque  phenotype.  These  data  suggest  that  the  phase  variation  phenomenon  for  V. 
vulnificus  is.  in  fact,  environmentally  regulated,  and  the  genotypic  consequences  are 
probably  related  to  proteins  that  control  recombination  events  to  increase  survival  during 
stress  or  starvation. 

Role  of  SSRs  in  V.  vulnificus  CPS 

The  role  of  repetitive  DNA  segments  in  phase  variation  has  been  previously 
described  in  the  literature,  and  is  generally  thought  to  promote  phase  variation  through 
slipped-strand  mispairing,  leading  to  duplications  or  deletion  mutations  within  repeated 
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elements.  However,  these  repetitive  elements  are  usually  located  within  the  gene  itself  or 
precede  an  operon  in  the  promoter  region.  Decreased  gene  expression  results  from  the 
effects  of  variable  SSR  subunit  numbers  that  alter  the  promoter  strength  (Chandler  and 
Fayet  1993,  van  Belkum  et  al.  1998).  Alternatively,  the  number  of  subunits  within  a 
repeated  intragenic  segment  may  vary,  as  a  result  of  insertions/deletions  that  produce 
translational  frame-shifts  due  to  the  generation  of  stop  codons  that  truncate  a  gene 
product. 

Direct  repeat-mediated  recombination  events  have  been  reported  in  the  literature. 
Zhang  et  al.  (1997)  identified  a  vis  locus  in  Borreliae  spp.  consisting  of  an  expressed  vlsE 
gene  and  1 5  silent  vis  cassettes  and  demonstrated  that  promiscuous  recombination 
occured  in  the  vlsE  cassette  region  in  C3H/HeN  mice,  altering  antigenicity  of  the  VlsE 
variants,  resulting  in  antigenic  variation.  The  vis  cassettes  were  comprised  of  conserved 
and  variable  regions  resembling  the  coding  sequences  of  the  Neisseria  pilin  variants  that 
were  divided  into  constant,  semi-variable,  and  hyper-variable  regions  (Haas  and  Meyer 
1986).  It  was  hypothesized  that  the  constant  regions  and  a  conserved  DNA  sequence 
located  at  the  3'  end  of  all  pilin  loci  were  thought  to  pair  the  regions  involved  in 
recombination  events  (Wainwright  et  al.  1994).  It  was  suggested  that  segments,  but  not 
entire  regions,  of  the  silent  vis  cassettes  were  recombined  into  the  vlsE  site  with 
potentially  millions  of  different  vlsE  alleles  (Zhang  et  al.  1997). 

The  repetitive  sequences  in  V.  vulnificus  somewhat  resemble  other  repetitive 
elements  in  eubacteria  referred  to  as  REP,  ERIC,  and  IRU  sequences,  which  are 
described  as  short,  interspersed,  intergenic,  repetitive  DNA  (for  a  review  see  Lupski  and 
Wienstock  1 999).  These  repeats  are  distributed  throughout  the  genome  and  have  been 
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used  extensively  for  molecular  typing,  as  primers  derived  from  these  sequences  generate 
strain-specific  patterns  from  PCR  amplicons.  The  function  of  these  sequences  is  not 
known,  but  like  the  V.  vulnificus  repeats,  they  are  generally  located  between  genes  within 
polycistronic  operons.  Despite  the  formation  of  stem-loop  structures,  they  generally  do 
not  act  as  transcriptional  terminators  (Lupski  and  Wienstock  1999). 

As  seen  with  the  interspersed  repetitive  elements,  the  V.  vulnificus  Rl  repetitive 
sequences  were  also  intergenic;  however,  they  were  not  distributed  throughout  the 
genome  but.  instead,  localized  near  the  same  gene  in  the  CPS  operon  in  the  strains 
examined.  However,  the  R2  repeating  subunit  was  dispersed  thought  the  chromosome  of 
the  two  V.  vulnificus  published  genomes.  A  total  number  of  6  copies  of  the  R2  repeat 
were  present  in  both  V.  vulnificus  strains  and  not  only  did  R2  flank  the  entire  CPS  operon 
but  also  copies  were  found  a  million  bases  upstream.  The  V.  vulnificus  repeated  subunit 
size  (7-bp  and  8-bp)  was  also  much  shorter  than  the  typical  repetitive  interspersed 
sequences,  although  a  heptanucleotide  in  cyanobacteria  has  been  described  as  short 
tandemly  repeated  repetitive  (STRR)  sequences  (Lupski  and  Wienstock  1999).  The 
repetitive  sequences  of  V.  vulnificus  are  not  palindromic  but  do  generate  predicted  stem- 
loop  structures  due  to  the  GC  content  of  the  subunit  sequence  ACAGGACC.  The 
deletions  responsible  for  phase  variation  in  V.  vulnificus  have  not  been  previously 
associated  with  the  dispersed  repetitive  elements  like  REP  and  ERIC. 

T2  Phase  Variation  is  Mediated  by  Deletion  of  wzb 

The  deletion  of  wzb  in  the  transition  from  LC4/0  to  the  T2  translucent  phenotype 
strongly  suggested  that  this  event  was  responsible  for  the  phase  shift  in  that  strain. 
Complementation  studies  that  introduced  either  the  intact  LC4/0  or  M06-24/0  M'zb  gene 
into  wz^-deleted  T2  phase  variant  were  performed.  Clones  were  constructed  with  or 
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without  upstream  regions,  as  was  previously  done  with  complementation  studies  of  the 
wza  gene  (Wright  et  al.  2001).  The  complemented  mutants  demonstrated  opaque  colony 
morphology  for  both  constructs,  indicating  that  this  gene  was  able  to  restore  the  defect  in 
trans  and  that  the  wzb  gene  was  functional  irrespective  of  the  presence  of  upstream  DNA. 
Introduction  of  wzb  constructs  into  M06-24/T1  did  not  result  in  recovery  of  opaque 
phenotype  and  transconjugates  remained  translucent.  Thus,  complementation  analysis 
determined  that  the  LC4/0  phase  shift  to  T2  was  a  resuh  of  a  site-specific  mutation  at  the 
wzb  locus.  Introduction  of  the  M'zb  gene  in  LC4/T2  variant  led  to  the  recovery  of  CPS 
expression.  The  levels  of  CPS  on  the  cell  surface  of  the  complemented  strain  were  at  least 
equivalent  to  the  opaque  parent  strain,  which  confirmed  that  wzb  is  required  for  CPS 
expression  on  the  cell  surface. 

This  is  the  first  description  of  a  genetic  mechanism  for  the  phase  variation  of  CPS 
expression  and  virulence  in  V.  vulnificus.  Although  different  genotypes  were  associated 
with  the  translucent  isolates  examined,  all  demonstrated  that  the  conserved  region  of  the 
V.  vulnificus  CPS  operon  was  a  "hot  spot"  for  genetic  mutation  and  this  instability  was 
associated  with  SSRs.  We  hypothesized  that  the  SSRs  (Rl  A  and  RIB)  that  were  flanking 
wzb  played  a  role  in  the  deletion  event  that  occurred.  CPS  phase  variation  involving  SSRs 
appears  to  be  unique  to  the  species,  as  these  sequences  are  not  described  in  other  bacterial 
species  with  related  group  1-like  operons.  SSRs  have  been  previously  shown  to  regulate 
slipped-strand  mispairing  in  other  phase  variation  systems,  but  site-specific  gene  deletion 
has  not  been  previously  described  to  our  knowledge.  This  process  may  be  facilitated, 
"adaptive  mutations",  and  associated  with  stationary  phase  (Jones  et  al.  2004),  whereby 
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increased  mutational  rates  result  from  non-replicative  growth  and  differential  expression 
of  DNA  repair  enzymes. 

V.  vulnificus  Tl  Phase  Variation 

The  genetic  basis  for  Tl  phase  variants  is  still  undefined,  as  only  few  differences 
observed  upstream  in  the  putative  promoter  region.  A  few  base  substitutions  were  present 
in  the  Tl  phenotype  when  compared  to  the  opaque.  Minor  differences  in  the  putative 
promoter  region  of  the  CPS  operon  could  lead  to  reduced  strength  of  the  promoter  and 
explain  the  reduced  CPS  on  the  cell  surface  of  the  Tl  variant.  However,  M06-24/T1 
DNA  sequence  more  closely  resembled  LC4/0  than  its  parent  phase  variant  (M06-24/0) 
in  the  promoter  region.  Perhaps  this  is  an  intermediate  phase  that  is  more  primed  for 
deletion  events  to  occur.  The  identification  of  spontaneous  phase  variant  of  LC4/0, 
LC4/T2,  with  a  deleted  conserved  gene,  further  supports  that  hypothesis. 

Genes  responsible  for  CPS  regulation  in  M06-24/T1  phase  variants  may  reside  in 
regions  downstream  from  the  promoter  or  even  outside  of  the  entire  CPS  operon.  An  IS 
element  has  been  previously  associated  with  genes  required  for  CPS  expression  in  at  least 
one  V.  vulnificus  strain  (Smith  and  Seibeling  2003).  Phase  variants  exhibited  differences 
in  RFLP  patterns  that  corresponded  to  the  insertion  of  the  IS  element  in  translucent 
variants.  However,  the  relationship  of  these  CPS  genes  to  a  particular  operon  was  not 
clear,  and  none  of  the  genes  were  present  in  the  group  1  CPS  operons.  Our  studies  did  not 
identify  any  IS  elements  associated  with  translucent  phase  variants  at  the  group  1  locus, 
but  the  possibility  exists  that  IS  elements  may  exist  in  a  region  outside  the  CPS  operon  or 
be  relevant  to  other  types  of  CPS  operons.  Additionally,  post-transcriptional  events  may 
be  responsible  for  the  patchy  capsule  on  the  surface  of  the  translucent  variant  as  possible 
enzymatic  activity  could  be  responsible  for  capsular  degradation. 
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Multiple  Scenarios  for  V,  vulnificus  Phase  Variation 

The  discovery  of  multiple  translucent  genotypes  presented  herein  supports  the 
assumption  that  there  are  multiple  mechanisms  for  phase  variation  in  V.  vulnificus.  These 
data  illustrated  the  genetic  instability  within  the  CPS  locus,  particularly  in  genes 
associated  with  SSRs.  A  model  for  possible  phase  variation  of  V.  vulnificus  CPS 
expression  is  described  in  Figure  8.  The  genetic  basis  for  Tl  phase  variants  is  still 
undefined,  but  the  site-specific  deletion  of  wzb  was  clearly  responsible  for  phase 
variation  observed  in  the  T2  phase  variant.  This  gene  was  flanked  by  regions  of  repetitive 
DNA  segments  in  V.  vulnificus  and  we  hypothesized  that  Rl  SSR  elements  facilitated 
recombination,  resulting  in  the  shift  to  the  avirulent  T2  translucent  phenotype. 
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Figure  8.  Model  for  phase  variation  of  CPS  expression  in  V.  vulnificus 

CPS  operons  are  diagramed  as  horizontal  lines  showing  transport  genes  wza, 
wzb,  wzc  and  biosynthetic  regions.  Arrows  filled  with  vertical  bars  (Rl)  or 
shaded  vertical  bars  (R2)  represent  intergenic.  repeated  subunits.  Unfilled 
arrows  represent  differential  transcription  showing  either  down-regulation 
(narrow  arrow)  or  truncated  gene  product  (shorter  arrow).  The  amount  of  CPS 
expressed  is  indicated  by  the  thickness  of  the  outer  layer  of  the  diagrammatic 
bacterial  cell.  Question  marks  indicate  hypothetical  aspects  of  the  model. 
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Deletion  mutations,  involving  a  different  set  of  SSRs  (R2)  within  and 
upstream/downstream  of  the  operon,  may  also  be  responsible  for  phase  shift  to  T3 
translucent  phenotype,  but  the  extent  of  this  mutation  is  not  yet  defined. 
CPS  Expression  and  the  Environmental  Survival 

Bacteria  need  to  adapt  and  respond  to  the  constantly  changing  environments  and 
genetic  variation  is  required  for  survival.  Bacterial  mutations  and  recombinations 
between  genes,  acquisition  of  new  genetic  material,  and  regulation  of  gene  expression  of 
existing  DNA  are  ways  of  acquiring  flexibility  and  ensuring  survival  of  bacterial 
populations.  Another  way  to  increase  genetic  diversity  and  cell  proliferation  is  to  form 
biofilms.  Biofilm  involves  the  creation  of  bacterial  communities  that  attach  to  surfaces  in 
aquatic  environments,  and  there  are  multiple  stages  during  biofilm  formation.  Initially 
free  floating  bacteria  sample  the  environment  and  reversibly  attach  on  surfaces  forming  a 
monolayer  of  cells.  As  time  progresses  production  of  extracellular  polysaccharide  (EPS) 
allows  the  creation  of  a  more  mature  structure.  At  this  point  bacterial  communities  are 
formed,  and  signaling  takes  place  between  the  members. 

Bacteria  in  the  environment  rarely  see  nutrient  rich  conditions  and  are  usually  faced 
with  nutrient  limitations  and  starvation.  Being  part  of  a  biofilm  allows  for  better  survival 
under  nutrient  deprivation,  pH  changes,  oxidative  stress,  disinfectants,  and  antibiotics. 
The  members  of  a  biofilm  sense  their  surroundings  and  are  able  to  adjust  their  metabolic 
processes  to  maximize  the  use  of  available  substrates  resulting  in  heterogeneity  within  the 
biofilm  (Jefferson  2004).  Additionally,  bacteria  secrete  autoinducers  (AIs)  which  are 
substances  that  allow  for  environmental  sensing  and  communication.  The  changes  that 
the  biofilm  members  undergo  may  not  always  be  permanent  as  many  are  the  cells  that 
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detach  from  the  biofilm  and  become  planctonic  again,  quickly  adapting  to  their  new 
environment. 

The  extracellular  polymeric  substance  (EPS)  is  the  "glue"  that  surrounds  the 
bacterial  cells  and  keeps  the  entire  structure  together.  Examples  of  the  biofilm  enhancing 
role  of  EPS  in  gram-negative  bacteria  have  been  reported  for  the  alginate  biosynthesis  in 
P.  aeruginosa  and  for  extracellular  polysaccharide  in  V.  cholerae  (Davies  et  al.  1993, 
Watnick  and  Kotler  1999).  On  the  other  hand,  Joseph  and  Wright  (2004)  studied  the  role 
of  CPS  on  biofilm  formation  between  V.  vulnificus  phase  variants  and  demonstrated  that 
CPS  expression  inhibited  biofilm  formation  of  V.  vulnificus.  M06-24/0  exhibited  three- 
fold less  attached  cells  on  abiotic  surfaces  than  did  the  translucent  variant.  Confirmation 
of  the  inhibitory  function  of  CPS  was  provided  by  increased  biofilms  that  were  present  in 
the  CVD752  and  M06-24/31T  acapsular  mutants.  Differences  in  the  results  between  V. 
vulnificus  CPS  and  V.  cholerae  El  Tor  were  attributed  to  differences  in  the  sugar 
composition  of  the  two  structures. 

Vibrio  spp.  attach  to  algae  and  zooplankton  and  through  filter  feeding  accumulate 
in  the  oyster  tissue  (Chiavelli  et  al.  200 1 ,  Hood  and  Winter  1 997,  Wright  et  al.  1 996, 
Kumazawa  et  al.  1991,  De  Paola  et  al.  1994,  Tamplin  et  al.  1982).  Attachment  to  algal 
cells  was  also  demonstrated  in  our  laboratory  (Chatzidaki  and  Wright,  unpublished  data). 
Fluorescent  microscopy  images  depicting  interactions  between  M06-24  phase  variants 
and  algal  cells  demonstrated  that  only  the  translucent  phase  variant  was  able  to  a  layer 
around  the  algal  cell  (Figure  9).  These  studies  suggest  that  inhibifion  of  CPS  expression, 
as  seen  in  translucent  phase  variants,  may  have  a  biological  function  that  facilitates 
attachment  to  other  members  of  the  estuarine  community. 
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Figure  9.  Fluorescent  microscopy  image  of  algal  {Thallasiosira  pseudomond)  and 

bacterial  cells  ( V.  vulnificus  M06-24/T).  Visualization  was  achieved  by  acridine    ■ 
orange  ( 1  %  w/v). 

Evolution  of  multiple  mechanisms  for  transition  to  the  translucent  biofilm-adapted 

phenotype  may  function  to  maximize  the  variability  of  the  survival  response  for  this 

species.  For  example,  populations  with  reversible  Tl  variants  might  be  able  to  more 

readily  detach  from  the  biofilm  in  the  partially  encapsulated  form  if  conditions  became 

deleterious,  while  deletion  mutants  that  are  fixed  in  the  translucent  phase  may  form 

stable,  attached  structures  associated  with  the  core  of  a  biofilm.  On  the  other  hand,  CPS 

expression  is  clearly  advantageous  during  infection  explaining  the  need  for  an 

intermediate  reversible  translucent  phenotype  (Tl)  before  the  appearance  of  permanent, 

irreversible,  gene  deletion  mutations.  Thus  better  understanding  of  the  mechanisms 

controlling  the  conversion  to  the  avirulent  translucent  phenotype  may  provide  strategies 

for  disease  prevention  and  intervention. 
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Biological  Significance  of  Phase  Variation 

Phase-variable  structures  have  been  recognized  in  many  cases  by  their  effect  on 
colony  morphology  that  led  to  descriptions  like  dry  versus  moist,  rugose  versus  smooth, 
and  opaque  versus  translucent.  Alternating  between  two  phenotypes  in  a  heritable  and 
reversible  manner  is  classified  as  phase  variation.  What  distinguishes  this  variation  from 
genetic  noise  and  classical  gene  regulation  is  that  there  is  a  genetic  or  epigenetic 
mechanism  that  allows  the  variability  to  be  heritable  (van  der  Woude  and  Baumler  2004). 
Thus,  the  daughter  cell  will  inherit  that  mechanism  and  will  also  exhibit  variation 
between  generations,  with  frequency  of  reversion  that  exceeds  that  of  a  random  mutation. 
Changes  in  colony  morphology  can  be  attributed  to  phase  variation  of  a  variety  of 
surface-exposed  proteins,  the  capsule,  and  cell  wall  composition.  The  capsule  can 
influence  interactions  with  the  host  cells  and  host  environment,  including  invasion, 
adhesion,  and  serum  sensitivity,  and  is  a  well-recognized  virulence  factor. 

The  biological  significance  of  phase  variation  is  not  well  understood  and  probably 
varies  widely  from  organism  to  organism,  but  the  underlying  genetic  variability  should 
provide  rapid  adaptation  to  changing  environmental  parameters  and  mechanisms  for 
evading  host  immune  defenses  via  antigenic  variation  (Zhao  et  al.  1997,  Lim  et  al.  1998). 
The  phase  variation  switch  is  considered  a  random  event,  but  lately  the  hypothesis  of 
modulated  switching  frequency  is  more  evident.  Environmental  regulation  of  phase- 
variable  gene  expression  allows  the  bacterium  to  be  optimally  suited  to  growth  in  a 
particular  environment.  For  instance,  iron  starvation  increases  the  frequency  of  antigenic 
and  phase  variation  of  A^.  gonorrhoeae  pili  and  may  be  correlated  with  a  general  change 
in  the  DNA  recombination  rate  and  the  DNA  repair  rate  (Serkin  and  Seifert  2000).  Low 
iron  concentrations  are  often  encountered  by  this  obligate  human  pathogen  during 
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infection  and  thus  are  likely  to  be  an  important  signal  for  the  survival  of  this  bacterium  in 
the  host.  Additionally,  stimuli  that  affect  the  expression  of  phase-variable  fimbriae  in  E. 
coli  and  S.  enterica  serotype  Typhimurium  include  temperature,  pH,  carbon  source,  and 
amino  acid  concentration  (Blomfield  2001).  Finally,  phase  variation  of  adhesions  are 
thought  to  allow  detachment  from  colonized  surfaces  and  facilitate  dissemination  within 
the  host  or  back  into  the  environment  for  transfer  to  another  host  (Ofek  and  Sharon  1988, 
Keith  etal.  1990,  Virjietal.  1991,  Kroll  1992,  Nassifetal.  1993).  . 

The  molecular  mechanisms  underlying  phase  variation  and  the  corresponding 
regulatory  systems  that  determine  the  switch  frequency  are  probably  related  to  specific 
growth  conditions  or  physiological  states.  Thus,  perceiving  phase  variation  as  a  random, 
nonregulated  process  may  lead  to  incorrect  conclusions  when  addressing  the  significance 
of  phase  variation.  Finally,  it  is  clear  that  the  expression  of  certain  genes  that  undergo    ■ 
phase  variation  can  enhance  survival.  Reversible  phase  variation  events  allow 
microorganisms  to  shift  back  to  more  favorable  biologically  states,  rather  than  being 
locked  into  one  particular  phase.  Deletions  mutations  may  also  be  recovered  in  high 
density  communities  such  as  biofilms  where  genetic  exchange  is  accelerated.  As  a  result, 
varied  phenotypes  present  a  mixed  population,  which  is  then  poised  for  environmental 
change  (Dybvig  1993).  How  the  different  genetic  mechanisms,  environmental  regulation, 
and  specific  gene  products  each  contribute  to  the  success  of  the  bacterial  population 
largely  remains  to  be  determined. 
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